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Chapt e r  1
G e n e ra l  I n t r o d u c t i o n
The developm ent o f  a l l o y s  r e s i s t a n t  to  h ig h  t e m p e r a tu re s  and  
s t r e s s e s  h a s  made fo rm in g  by  e s t a b l i s h e d  p r o c e s s e s  i n c r e a s i n g l y  
d i f f i c u l t .  E le c t r o c h e m ic a l  m achin ing  (E .G .M .) h a s  been  d e v e lo p ed  
i n i t i a l l y  t o  form  such m e t a l s ,  a l th o u g h  any e l e c t r i c a l l y  c o n d u c tiv e  
m a t e r i a l  can be so fo rm ed . The m ain f e a t u r e s  o f  th e  p r o c e s s  have 
b een  d e s c r i b e d  by  K l e i n e r ( ^ ) ,  M o u n tfo rd ^ ^ ) , and  B o o th ro y d (^ ) .  The 
anode worlq>iece i s  d i s s o l v e d  a t  a  r a t e  ro u g h ly  p r o p o r t i o n a l  to  th e  
p r o d u c t  o f  i t s  e le c t r o c h e m ic a l  e q u iv a le n t  and  th e  c u r r e n t  d e n s i ty  
( u s u a l l y  i n  th e  ran g e  100 to  1000 h / i n ^ ) .  E l e c t r o l y t e  i s  pumped 
th ro u g h  th e  i n t e r - e l e c t r o d e  gap ( u s u a l l y  i n  th e  ra n g e  0*003 t o  0*030 i n ) ,  
a t  v e l o c i t i e s  up to  200 f t / s  t o  remove th e  p r o d u c t s  o f  m ach in in g .
Most e le c t r o c h e m ic a l  l i t e r a t u r e  i s  co nce rned  w i th  lovf c u r r e n t  
d e n s i t i e s  ( < l i \ / i n 2 )  and  e l e c t r o l y t e s  which a r e  u n s t i r r e d  o r  i n  
m o tio n  a t  low v e l o c i t i e s .  F o r  exam ple, Hoar a n d  R o th v fe l l (^ ) (^ )  have 
i n v e s t i g a t e d  th e  e l e c t r o l y s i s  o f  co p p er ,  magnesium and n i c k e l  i n  an  
e l e c t r o l y t e  f lo w in g  a t  v e l o c i t i e s  i n  th e  ran g e  0 to  40 cm/s ( 1 .5  f t / s )  
an d  v /ith  a maximum c u r r e n t  d e n s i t y  of ab o u t  2 A / i n ^ . H i g g i n s h a s  
s t u d i e d  th e  d i s s o l u t i o n  of n ic lce l  i n  an u n s t i r r e d  e l e c t r o l y t e  w i th  
c u r r e n t  d e n s i t i e s  up to  l6 A / in ^ *  He h as  c o n c lu d ed  t h a t  a n o d ic  
d i s s o l u t i o n  i s  i n  c e r t a i n  c i rc u m s ta n c e s  gov erned  b y  th e  e x i s t e n c e  of 
a  bou ndary  l a y e r  i n  ^vhich th e  i o n  c o n c e n t r a t i o n  g r a d i e n t  d e te rm in e s  
th e  l i m i t i n g  c u r r e n t  d e n s i t y  on th e  b a s i s  o f  a n  i o n  d i f f u s i o n  p r o c e s s ,  
Oi’d and B a r t l e t t ( 7 ) ,  amongst o t h e r s ,  have s t u d i e d  th e  d i s s o l u t i o n  o f
— 2 ■“
2
p u re  i r o n  s i m i l a r l y  w i th  c u r r e n t  d e n s i t i e s  up t o  a b o u t  1 A / in  *
Vork o f  t h i s  k in d  h as  been  s t i m u l a t e d  by th e  i n d u s t r i a l l y  im p o r ta n t
/ n \
p r o c e s s e s  o f  a n o d ic  p o l i s h i n g ,  fo l lo w in g  th e  e a r l i e r  work o f  J a c q u e t  '
E dw ards(° )  and Elmore on t h i s  s u b j e c t .  Y/hile t h e s e  i n v e s t i g a t i o n s
throw  i n c r e a s i n g  l i g h t  on such f e a t u r e s  a s  th e  im p o rtan ce  o f  io n
d i f f u s i o n  b oundary  l a y e r s  i n  l i m i t i n g  anode c u r r e n t  d e n s i t i e s  f o r
p o l i s h i n g  c o n d i t i o n s ,  th e y  s to p  w e l l  s h o r t  o f  th e  ran g e  o f  c u r r e n t
d e n s i t i e s  im p o r ta n t  i n  E.C.M.
L i t t l e  in f o r m a t io n  on work a t  th e s e  c u r r e n t  d e n s i t i e s  i s
a v a i l a b l e .  R e le v a n t  l i t e r a t u r e  on E.C.M. i s  g iv e n  i n  a r e c e n t
re v ie w  by  G o le (^ ^ ) .
He and  h i s  co -w orkers  have i n v e s t i g a t e d  e l e c t r o l y t i c  g r in d in g
i n  which m e ta l  i s  removed from th e  anode b y  a  co m b in a tio n  o f  m ech an ica l
/  2and  e l e c t r o l y t i c  a c t i o n .  C u r re n t  d e n s i t i e s  up to  1150 A / in  were u se d .  
N e g l ig ib l e  r e s i d u a l  s t r e s s  was in d u ce d  on th e  m e ta l  by th e  p r o c e s s ;  
th e  e l e c t r o l y t e  f lo w  r a t e  had  to  be un ifo rm  to  ob ta in , un ifo rm  m e ta l  
rem o v a l.  A method f o r  " j e t  p o l i s h in g "  of m e ta l s  by  a n o d ic  d i s s o l u t i o n  
a t  h ig h  c u r r e n t  d e n s i t i e s  ( t o  1750 A / in ^ )  h a s  a l s o  b e en  d ev e lo p ed (b b )  
i n  which any  m e ta l  can be p o l i s h e d  i n  o r d in a r y  s a l t  s o l u t i o n s  i f  th e  
c u r r e n t  d e n s i t y  i s  s u f f i c i e n t l y  h ig h .
R e c e n t ly ,  C u th b e r tso n  and  T u rn e r (^ ^ )  have shovni t h a t  Niinonic 60 
cap  be m achined  s a t i s f a c t o r i l y  i n  s a t u r a t e d  sodium c h lo r id e  s o l u t i o n ,  
and  from  p o t e n t i o s t a t  s t u d i e s  have deduced t h a t  th e  m achin ing  r e a c t i o n  
i s  d i f f u s i o n  c o n t r o l l e d .
T ip to n^^^^  h as  p ro p o se d  a method f o r  p r e d i c t i n g  th e  shape o f  
th e  ca thode  r e q u i r e d  i n  th e  IhG.M. p r o c e s s  to  g iv e  a s p e c i f i e d  f i n a l  
form to  th e  a n o d ic  w o rk p iece .  I n  th e  a n a l y s i s  he assum es t h a t  m e ta l  
rem oval t a k e s  p l a c e  i n  a cc o rd an ce  w i th  F a r a d a y 's  Law and i s  in d e p e n d e n t
o f  flovf c o n d i t i o n s .  The u s e f u l n e s s  o f  t h i s  k in d  o f  vrork i s  con firm ed
r 1"^by  th e  o b s e r v a t io n s  o f  F a u s t^   ^ f o r  a m ild  s t e e l  anode a t  c u r r e n t
d e n s i t i e s  o f  th e  o r d e r  o f  100 A / in  , th e  c u r r e n t  e f f i c i e n c y  ( a c t u a l
m e ta l  rem oval r a t e  a s  a  p e rc e n ta g e  of t h a t  p r e d i c t e d  by  F a r a d a y 's  Law) 
was i n  th e  ra n g e  97 to  lOC^ i n  a d ie -s in lc in g  p r o c e s s .
However t h e r e  i s  l i t t l e  in f o rm a t io n  a v a i l a b l e  on e i t h e r  th e  
r e l a t i o n s h i p  be tw een  th e  p r i n c i p a l  p r o c e s s  v a r i a b l e s ,  v i s .  c u r r e n t  
d e n s i t y ,  v o l t a g e ,  i n t e r - e l e c t r o d e  gap , f low  r a t e ,  c o n d u c t iv i ty  and 
te m p e ra tu re ,  o r  t h e i r  e f f e c t s  on th e  m achin ing  a c t i o n .  I n v e s t i g a t i o n s  
o f  some o f  th e s e  p rob lem s a re  d e s c r ib e d  i n  th e  f o l lo w in g  c h a p te r s .
In  C h ap te r  2 , the  e f f e c t  o f  e l e c t r o l y t e  v e l o c i t y  upon c u r r e n t  
d e n s i t y  i s  i n v e s t i g a t e d  i n  te rm s o f  th e  d i f f u s i o n  l a y e r  t h i c k n e s s  
n e x t  to  th e  e l e c t r o d e s .  At l a m in a r  f lo w  r a t e s ,  th e  c u r r e n t  d e n s i ty  
i s  shown to  be p r o p o r t i o n a l  t o  the  sq u a re  r o o t  o f  th e  v e l o c i t y ,  b u t  
f o r  s u f f i c i e n t l y  h ig h  t u r b u l e n t  f lo w s ,  i t  i s  in d e p e n d e n t  o f  f low  
r a t e  and a p p ro a c h e s ' the  v a lu e  g iv e n  by  Ohm's Law.
I n  G hap ter  5 th e  p ro d u c ts ,  o f  m achin ing  a re  shown to  have no 
e f f e c t  on th e  c o n d u c t iv i t y  and  d e n s i t y  o f  th e  b u lk  e l e c t r o l y t e ,  b u t  
i n c r e a s e  s l i g h t l y  i t s  v i s c o s i t y .
The m ach in ing  o f  m e ta l s  under H. C.M. c o n d i t io n s  o f  c u r r e n t  
d e n s i t y  and  f lo w  r a t e  i s  d e s c r ib e d  i n  G hapter 4 ,  T hree  methods f o r
p r e d i c t i n g  a l l o y  rem oval r a t e s  a re  o u t l i n e d ,  an d  o n e , b a s e d  on th e
-  4 -
Lav/- o f  S u p e r p o s i t io n  o f  Charge shows good ag reem en t vd.th e x p e r im e n ta l  
r e s u l t s  f o r  Niinonic 75- F o r  a g iv e n  f lo w  r a t e ,  c u r r e n t  e f f i c i e n c y  
and s u r f a c e  ro u g h n ess  a r e  o b se rv e d  to  de c re a s e  v /ith  i n c r e a s e  i n  
c u r r e n t  d e n s i t y .  T hese , and o th e r  r e s u l t s ,  e . g .  t h a t  m e ta ls  l i k e  c a s t  
i r o n  do n o t  machine s a t i s f a c t o r i l y  i n  2CÇo NaCd, a r e  d i s c u s s e d  i n  te rm s 
o f  J a c q u e t ’ s th e o r y  o f  e l e c t r o p o l i s h in g *
The r e l a t e d  use  o f  th e  p o t e n t i o s t a t  a s  an  in s t ru m e n t  f o r  
s e l e c t i o n  o f  s u i t a b l e  e l e c t r o l y t e s  f o r  d i f f e r e n t  m e ta ls  i s  c o n s id e re d  
i n  C hap ter 5* R e s u l t s  from p o t e n t i o s t a t  e x p e r im e n ts  p r e d i c t i n g  
a p p r o p r i a t e  e l e c t r o l y t e / m e t a l  com bina tions  a r e  shown to  a g re e  v /ith  
2.C.M. t e s t s .
Some a s p e c t s  o f  th e  fo rm ing  p r o c e s s  a r e  a n a ly s e d  i n  C hap te r  6 .  
For a ca thod e  w ith  a s i n g l e  s t e p ,  th e  m ach in ing  tim e r e q u i r e d  to  
impose a s i m i l a r  s t e p  on an  i n i t i a l l y  f l a t  anode i s  deduced i n  te rm s 
o f  th e  ca thode f e e d  r a t e  and gap w i d t h . . The tim e d e c r e a s e s  a s  th e  
gap i s  d e c re a s e d ,  E x p e r im e n ta l  r e s u l t s  a g re e  v/ith  th e  th e o r y  and 
a l s o  show t h a t  d e f i n i t i o n  o f  th e  anode s te p  i s  b e t t e r  f o r  th e  n a rro w er  
g a p s .
C h a p te r  7 d e a l s  w i th  th e  e f f e c t s  o f  J o u le  h e a t in g  and  hydrogen  
e v o lu t i o n  on th e  fo rm ing  p r o c e s s .  The fo rm er  c au ses  th e  gap to  
i n c r e a s e  i n  th e  d i r e c t i o n  o f  f low  w h i l s t  th e  gas c au se s  an  o p p o s i te  
e f f e c t ,  which i s  shown to  be much g r e a t e r -  F o r  b o th  c o n d i t i o n s ,  
c a l c u l a t i o n s  have b e en  made o f  f lo w  r a t e s  r e q u i r e d  t o  m a in ta in  a  
c e r t a i n  a c c u ra c y  o f  gap a lo n g  th e  e l e c t r o d e  l e n g t h ,  and  th e  m ach in ing  
tim e r e o u i r e d  t o  a c h ie v e  an  e o u i l ib r iu m  s t a t e .
-  5 -
G en era l  c o n c lu s io n s  and s u g g e s t io n s  f o r  f u r t h e r  r e s e a r c h  a r e  
g iv e n  i n  C h ap te r  8 .
-  6 -
C h ap te r  2
The E f f e c t  of E l e c t r o l y t e  V e l o c i ty  on C u r re n t  D e n s i ty
2 .1  I n t r o duc t i o n
In  t h i s  c h a p te r  th e  e f f e c t  o f  e l e c t r o l y t e  v e l o c i t y  on c u r r e n t  
d e n s i ty  i s  i n v e s t i g a t e d  b o th  t h e o r e t i c a l l y  and  e>q>erim enta lly , f o r  a 
system  v /ith  a c o n s ta n t  p o t e n t i a l  d i f f e r e n c e  a p p l i e d  a c r o s s  p l a n e ,  
p a r a l l e l  e l e c t r o d e s ,  be tw een  v/hich th e  e l e c t r o l y t e  f lo w s .
The f a c t o r s  v h ic h  a f f e c t  c u r r e n t  d e n s i t y  have b e e n  c o n s id e re d  by  
K igg in s^^^  i n  h i s  s tu d y  o f  tlae d i s s o l u t i o n  o f  n i c k e l  i n  u n s t i r r e d
2
h y d r o c h lo r i c  a c i d .  Ho o b ta in e d  a l i m i t i n g  c u r r e n t  d e n s i ty  of 1 6 A / in  
and s u g g e s ts  t h a t  such a  r e a c t i o n  i s  d i f f u s i o n  c o n t r o l l e d .
For a d i f f u s i o n  r e a c t i o n ,  Fick* s Lav/ s t a t e s  th e  c u r r e n t  d e n s i ty  
i  i s  g iv e n  b y
i  = Dz F Oc
2
8v (2 .1 )
v/here D ™ d i f f u s i o n  c o e f f i c i e n t  (cm / s ) ,  z i s  v a le n c y  o f  d i s s o l v i n g  
i o n s ,  F = F a ra d a y ’ s c o n s ta n t  ( 965OO C), and i s  th e  c o n c e n t r a t i o n
g r a d i e n t  a c r o s s  th e  r e g i o n  where th e  io n s  d i f f u s e . 
f l 7 )F a u s t^   ^ a l s o  h a s  c o n s id e r e d  th e  d i f f u s i o n  r e a c t i o n  a s  the
c o n t r o l l i n g  mechanism f o r  i o n  t r a n s p o r t .  To machine n i c k e l  i n  EGA 
a t  1 2 0 A / i n  , he e s t im a te s  t h a t  th e  d i f f u s i o n  l a y e r  would have to  be 
0 .0001 i n .  t h i c k .  T h is  i s  an o r d e r  of m agnitude  l e s s  th a n  th e  
t h i n n e s t  f i l m  m easured  f o r  d i f f u s i o n  c o n t r o l l e d  d i s s o l u t i o n ,  even 
i n  s t i r r e d  s o l u t i o n s .  To a c h ie v e  such h ig h  c u r r e n t  d e n s i t i e s ,  F a u s t  
co n c lu d es  t h a t  h ig h  e l e c t r o l y t e  f lo w  r a t e s  must be  u se d .
-  7 ~
D i f f u s i o n  r e a c t i o n s  i n  moving e l e c t r o l y t e s  have b e e n  s t u d i e d  by  
( l 8  )L ev i Oil ^  H is  s t u d i e s  form  th e  b a s i s  o f  S e c t io n  2 .2 .
2 .2  T h e o r e t i c a l  C o n s id e ra t io n s
( i )  Lam inar Plow
For an  e l e c t r o l y t e  f lo v a n g  p a s t  a  f l a t  p l a t e  th e  io n  c o n c e n t r a t i o n  
d i s t r i b u t i o n  i s  s i m i l a r  t o  th e  v e l o c i t y  d i s t r i b u t i o n .  Thus L ev ich  
c o n s id e r s  t h a t  i n  a  l a y e r  n e x t  th e  e l e c t r o d e s  (the l a y e r  b e in g  th e  
e q u iv a l e n t  o f  th e  hydrodynam ic b o u n dary  l a y e r )  a  c o n c e n t r a t i o n  g r a d i e n t  
e x i s t s .
I n  t h i s  r e g io n  io n s  move und er  the  i n f lu e n c e  of d i f f u s i o n .  The 
t h ic k n e s s  o f  t h i s  d i f f u s i o n  l a y e r  ô i s
Ô = 5Û ( e ) V 3 ( v h  V 2  ( 2 .2 )
where v i s  th e  e l e c t r o l y t e  k in e m a t ic  v i s c o s i t y ,  x  i s  th e  d i s t a n c e  a long  
th e  e l e c t r o d e  l e n g t h  and  v i s  th e  e l e c t r o l y t e  m ainstream  v e l o c i t y .
Beyond th e  d i f f u s i o n  l a y e r ,  th e  e l e c t r o l y t e  concen tra ,t i o n  i s  assumée 
to  be c o n s t a n t .  I n  t h i s  r e g io n s  io n s  sh o u ld  m ig r a te  u n d e r  th e  in f lu e n c e  
o f  th e  e l e c t r i c  f i e l d  a c r o s s  th e  e l e c t r o d e  gap.
From mass t r a n s f e r  c o n s i d e r a t i o n s ,  th e  i o n  d i f f u s i o n  r a t e  a c r o s s  
th e  d i f f u s i o n  l a y e r  m ust e q u a l  th e  io n  m ig r a t io n  r a t e  a c r o s s  th e  
c o n s ta n t  c o n c e n t r a t i o n  zone.
S ince  th e  r e a c t i o n  commences n e x t  th e  e l e c t r o d e s ,  th e  d i f f u s i o n  
mechanism v d l l  d e te rm in e  th e  q u a n t i t y  o f  c u r r e n t  t h a t  can p a s s .
-  8 -
U sing  P i c k ’ s Law ( 2 . 1 ) ,  L ev ich  g iv e s  th e  d i f f u s i o n  c u r r e n t  d e n s i ty
a s
i  -  D z P (eg -  Co)
■ Ô------------  ( 2 .3 )
where cy i s  th e  b u lk  c o n c e n t r a t i o n  o f  io n s  i n  th e  s o l u t i o n  (g n o l e / d ) ,  
and Cq i s  th e  c o n c e n t r a t i o n  n e x t  th e  e le c t r o d e s *
For th e  l i m i t i n g  c u r r e n t  d e n s i t y ,  Cq = 0 .  U sing  (2 * 1 ) ,  the  
e x p r e s s io n  f o r  i  becomes:
vd tii  V b u t  d e c re a s e s  v /ith  x “Tnus 1 m e r e  a so 3
C u rre n t  d e n s i t y  i  v d .l l  n o t  i n c r e a s e  i n d e f i n i t e l y  as  v i s  i n c r e a s e d  
o r  a s  X i s  d e c re a s e d .  Io n  m ig r a t io n  a c r o s s  th e  c o n s ta n t  c o n c e n t r a t io n  
zone v / i l l  impose an  upper  l i m i t  to  th e  d i f f u s i o n  c u r r e n t  d e n s i t i e s  r i v e n  
b y  ( 2 . 4 ) ,  For a  c o n s ta n t  v o l ta g e  g r a d i e n t ,  tlie maximum c u r r e n t  d e n s i ty  
(g iv e n  by  Ohm’ s Law) v / i l l  be  r e a c h e d  f o r  f lo w  c o n d i t io n s  such t h a t  th e  
m ig r a t i o n  p a t h  l e n g t h  a p p ro a ch e s  th e  e l e c t r o d e  gap v /id th , i . e .  the  
d i f f u s i o n  boun dary  l a y e r  t h i d o i e s s  i s  s m a l l .  (Note t h a t  a t  x  = 0,
0 = 0 .  The c u r r e n t  d e n s i t y  h e re  i s  g iv e n  b y  Ohm’ s Law).
( i i )  T u rb u le n t  Flow 
' I n  many E.C.M* a p p l i c a t i o n s ,  th e  f lo w  i n  tlie gap v i l l  be 
t u r b u l e n t .  For t u r b u l e n t  f lo w  p a s t  a  f l a t  p l a t e ,  L ev ich  s u g g e s ts  
t h a t  o n ly  i n  a  v e ry  t h i n  l a y e r  n e x t  t h e  e l e c t r o d e s ,  th e  d i f f u s i o n  
s u b - l a y e r ,  6 q , i s  i o n  t r a n s f e r  c o n t r o l l e d  by  d i f f u s i o n .  The l i m i t i n g  
d i f f u s i o n  c u r r e n t  d e n s i t y  f o r  t u r b u l e n t  f l o w , i ^ ,  i s  a g a in  g iv e n  from
de le ’ s Law ( c . f .  2 .3 ) :  
-  = D s F(c^-Co)
Ô1
( 2 . 3 )
L ev ich  c a l c u l a t e s  t h a t
(2. 6 )
\  YVq /
where Sq i s  th e  t h i c k n e s s  o f  th e  la m in a r  s u b - l a y e r ,  y  i s  a 
d in e n s io n le s s  q u a n t i t y  ( o f  app rox im ate  v a lu e  u m . ty ) ,  v^ i s  th e  
f r i c t i o n  v e l o c i t y  (g iv e n  by  S c h lic h t in g ^ ^ '^ ^  a s  v^ = 3 - 0 % ^  ( 2 . 7 ) )
(L ev ich  does n o t  p u r s u e  f u r t h e r  th e  e x p r e s s io n  f o r  i ^ .  To deduce 
i j^ in  te rm s  o f  m easu rab le  q u a n t i t i e s  ( i . e r u i d : ^  r e s u l t s  from S c h l i c h t in g  
have b e e n  u s e d ) .
u c h l i c h t i n g  a l s o  g iv e s  th e  m agnitude o f  Oq a s :
5o = 4 6  X ( 2 .3 )
where Re^ = vx fo
V
( 2 . 1 0 )
For h ig h  P r a n d t l  nuniDers ( v / j ) » l ) ,  and  f o r  Y'~1) L ev ich  ’.■.rites: 
U _  z F
4  
3
Thus, using L evich 's a n d  S ch lich tin g 's r e s u lts ,  i^  i s  deduced a s
Û  = 5 .0  D C’qZ F , / v x \  k  ^ (2 .1 1 )
— k y  V 5 v y  .
— 10 “
Thus, i t  i s  p o s t u l a t e d  t h a t ,  f o r  t u r b u l e n t  f lo w , a t  any  p o i n t  x .
As b e f o r e ,  i o n i c  m ig r a t io n  c u r r e n t  d e n s i t y  s e t s  an  u p p e r  l i m i t  ( th e  
Ohnic c u r r e n t  d e n s i ty )  to  th e  c u r r e n t  d e n s i ty  f o r  d i f f u s i o n  i n  
t u r b u l e n t  f lo w .
VAiile L ev ich  and o t h e r s  have i n v e s t i g a t e d  d i f f u s i o n  e x p e r im e n ta l ly
p
a t  low f lo w  r a t e s  and  c u r r e n t  d e n s i t i e s  ( e . g .  up to  18 i n / s  and 2 A / in  -  
Hoar and R o th w e l l^ ^ ^ ) ,  no work h as  p r e v i o u s ly  b e e n  done f o r  E.G.I,I. 
c o n d i t i o n s .
E x p e rh a en ts  to  i n v e s t i g a t e  th e s e  e f f e c t s  o f  e l e c t r o l y t e  v e l o c i t y  
on c u r r e n t  d e n s i ty  f o r  th e  c o n d i t io n s  o f  E.G.M. have b een  p e rfo rm ed  
and  a r e  r e p o r t e d  be low  i n  S e c t io n s  2 .3  to  2.7*
2 .3  A n n a ra tu s  and  Pr o cedure
A "Barmax** e le c t r o c h e m ic a l  m achine, m a n u fa c tu re d  b y  Grow,
H am ilton  and Go. L td .  u n d e r  l i c e n c e  from R o l l s  Roy ce L td .  was u sed .
A c o n s ta n t  v o l ta g e  o f  12V v/as s u p p l ie d  a c r o s s  two p la n e  p a r a l l e l  
e l e c t r o d e s  o f  s id e  1 i n . ,  th e  anode b e in g  o f  m i ld  s t e e l  and  th e  
cathode o f  b r a s s .  The a s s o c i a t e d  puiop system  d e l i v e r e d  e l e c t r o l y t e  
be tw een  th e  e l e c t r o d e s  a t  f lo w  r a t e ? i n  th e  ran g e  0 .2  to  6 j in -^ /s .
The Barmax machine and  i t s  a s s o c i a t e d  equipm ent a r e  d e s c r ib e d  f u l l y  
i n  Appendix 1 .
R i g .2 ,1  shows d e t a i l s  o f th e  t y p i c a l  p e rs p e x  j i g  u se d  w ith  th e  
Barmax m ach ine .
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Flov." Syster.i T h is  i s  shovsi i n  H '  ,2 .2
n # # , w .,,# ,, i.fiQ
, 3( i )  Plow  r n t e s  be tw een  23 i n V s  and 60 i n ^ / s .
A Saunders  s i : :  s ta g e  c e n t r i f u g a l  numu v.as u s e d  f o r  th e s e  f lo w  
r a t e s ,  which were n e a s u re d  w i th  a  P l a to n  "Gannieter" c a l i b r a t e d  up to  
92 i n  / s .  The "main flow " system  i n d i c a t e d  i n  P i g . 2 .2  was u s e d .
The f lo w  r a t e s  c o u ld  be  v a r i e d  by  a d ju s tn e n t  o f  hand  v a lv e  i n  th e  
b y -p a s s  l i n e ,
( i i )  Plow r a t e s  uu to  23 in '^ /s
The b y - p a s s  v a lv e  system  p ro v e d  in a d e q u a te  i n  re d u c in g  th e  f low  
below  23 i n '^ / s .  The m ain f lo w  system , d i s c u s s e d  i n  Appendi:: 1 , was 
m o d if ie d  and  an  a u x i l i a r y  pump, n o rm a l ly  u se d  f o r  d r a in in g  th e  tanic, 
employed to  g iv e  th e  r e q u i r e d  f lo w  r a t e s .  A "A otam eter"  f lo w m e te r ,  
c a l i b r a t e d  f o r  f lo w s  up t o  23 i n ^ / s ,  r e p l a c e d  th e  'f -apm ete f  f o r  th e s e  
t e s t s .
f lo w  r a t e s  cou ld  a g a in  be  v a r i e d  b y  üae u se  o f  th e  b y - p a s s .
To e n su re  an  e n a c t  gap , th e  e l e c t r o d e  s u r f a c e s  were g round  b e fo r e
t e s t s .  A ground f i n i s h  on th e  ca thode  a l s o  r e d u c e d  th e  e f f e c t  of
hydrog en  (w h id i ,  by  lo w e r in g  th e  e f f e c t i v e  c o n d u c t iv i t y  i n  th e  gap
can lo w e r  th e  c u r r e n t  d e n s i ty )  a s  hydrogen  b u b b le s  a r e  l e s s  l i k e l y
( 20)
to  form  on a  p o l i s h e d  s u r f a c e  th a n  on a rough one.
I t  i s  norm al e l e c t r o c h e m ic a l  p r a c t i c e  to  e n su re  t h a t  th e  e l e c t r o l y t  
i s  " c l e a n " .  T h is  u s u a l l y  demands c a r e f u l  f i l t r a t i o n  b e fo r e  u s e .  D uring 
th e  b .C .h .  t e s t s ,  the  s o l u t i o n  v e l o c i t i e s  were hi^pn compared v .ith  
v e l o c i t i e s  h i t h e r t o  u s e d  i n  e le  c t r o  c h e m is try  .
— 15 —
f lo w  r a t e s  C;, and  gaps i n d i c a t e d  i n  f i g . 2 .5  : v = where
b i s  th e  e l e c t r o d e  v?idth, and ho i s  th e  gap v / id th .
( i i )  f o l lo w in g  S c h l i c h t i n g ^ ^ ^ \  r e g io n s  o f  l a m in a r  and t u r b u l e n t  f lo w
were d e te rm in e d  from th e  R eynolds number, Re : Re = 2 Q ho v
bhoV
i s  the  k in e m a t i c  v i s c o s i t y ,  f o r  la m in a r  flowp Re <2500. f o r  
t u r b u l e n r  f lo w ,  Re >2500
( i i i )  I n  f i g . 2 .5 ,  th e  e l e c t r o l y t e  v e l o c i t y  r e g i o n s  i n  which c u r r e n t  
d e n s i t y  i s  c o n s t a n t ,  have n o t  b e e n  in c lu d e d ,
( i v )  Ohiric c u r r e n t  d e n s i t i e s  i  were c a l c u l a t e d  from  th e  e q u a t io n  i  =
R ( f  -  Vq) /  ho where It i s  th e  e l e c t r o l y t e  c o n d u c t iv i t y ,  V i s  a p p l i e d  
v o l t a g e ,  and  Vq th e  de c o m p o s it io n  v o l t a g e ,  (assum ed c o n s t a n t ) .
(v) th e  t h e o r e t i c a l  l i n e s  i n  f i g . 2 . R  and 2 .5  wore c a l c u l a t e d  from e q u a t io i  
(2 .R ) and  ( 2 . 1 l )  r e s p e c t i v e l y .  P re v io u s  v/ork (6 ) (15) ( l ? )  has  i n d i c a t e d  
t h a t  th e  d i f f u s i o n  l a y e r  h a s  an  a lm o s t  c o n s ta n t  th io lc n ess .  Thus v a lu e s  o' 
Ô a v e ra g e d  v /ith  r e s p e c t  to  x  (: 6 . g .  2 ^ f o r  la^Mnav^ were u se d .  T h e o re t ic ;
c u r r e n t  d e n s i t i e s  were c a l c u l a t e d  from th e s e  v a lu e s .
( v i )  f o r  th e  e l e c t r o l y t e  th e  f o l lo w in g  v a lu e s  were used:
Kq ~ 0 .1 0 5  Q cm ( e x t r a p o l a t e d  from Raye and  I-ab y 's  Tabl_.. ^^)^
-\-v  ^Vq = 2V ( c o n s t a n t ) ; Cq = 1 .3  g m o le /d .^  J) ~
( 22 ) *“2 2 \(from  I n t e r n a t i o n a l  C r i t i c a l  T ab les^  ^ ) « ^ = y l . l . l O  i n  / s  (by e :p é r im e n t )
—  I R  —
e
I ' i e s h  e l e c t r o l y t e  v/o.s p r e s e n t e d  to  th e  e l e c t r o d e s  e v e ry  f r a c t i o n  o f  
a second , so th e  e l e c t r o l y t e  was " c le a n "  w i th o u t  th e  u s u a l  p r e c a u t io n s
2 .4  P r o ce dure
An anode specim en was i n s e r t e d  i n  th e  p e rsp o : :  j i g ,  rnrd the  cathode 
wound down u n t i l  i t  to u c h e d  th e  anode. A m ic ro m e te r  gnuge m easured  
th e  t r a v e l  o f  th e  c a th o d e .  The l a t t e r  was th e n  wound bach u n t i l  the  
r e q u i r e d  gap was r e a d  on th e  gauge. The pump was sw itc h ed  on and the  
r e q u i r e d  f lo w  o b ta in e d  by  v a lv e  a d ju s tm e n t .  I n l o t  te m p e ra tu re  and  
p r e s s u r e  were n o te d .  The v o l ta g e  was sw itc h e d  on and th e  in s t a n t a n e o u s  
maximuiTL c u r r e n t  r e a d .  (T h is  o c c u r re d  a f t e r  O.p to  I s ) ,
The v o l t a g e  and f lo w  were s v i t c h e d  o f f ,  th e  cathode head  r a i s e d  
and  th e  t e s t  p i e c e  rem oved.
The p ro c e d u re  was r e p e a t e d  f o r  d i f f e r e n t  f lo w s  and  gaps.
2 .5  R esu l t s
P i g . 2 .3  shows f o r  a  v o l ta g e  o f  12V a p p l i e d  a c r o s s  gaps o f  0 .010  i n  
to  0 .040  i n ,  th e  e f f e c t  o f  e l e c t r o l y t e  volume f lo w  r a t e  upon th e  mean 
c u r r e n t  d e n s i t y .  Ror each  gap , th e  t h e o r e t i c a l  Ohmic c u r r e n t  d e n s i ty  
i s  i n d i c a t e d ,  •
I n  P i g . 2 .4 ,  2 .3  and  2.5=’* th e  t h e o r e t i c a l  and  o b se rv ed  e f f e c t s  
o f  e l e c t r o l y t e  v e l o c i t y  on c u r r e n t  d e n s i ty  f o r  th e  above gaps a n d  v o l ta g e  
a r e  compared f o r  l a m in a r  and t u r b u l e n t  f lo w  r e s p e c t i v e l y ,  
f e t e s :  ( i )  f l e c t r o l y t e  v e l o c i t i e s  v were d e te rm in e d  from iiie volume
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2 .3  D is c u s s io n
Prou P i 3 . 2 . 3 ,  fo n  oach p o t e n t i a l  {^radient c u r r e n t  d e n s i t y  
i n c r e a s e s  v.dth f lo w  r a t e  to  a  l i m i t i n g  v a lu e .  As th e  p o t e n t i a l  g r a d i e n t  
i s  i n c r e a s e d ,  th e  f lo w  r a t e  f o r  which th e  l i m i t i n g  c u r r e n t  d e n s i t y  
i s  a c h ie v e d  a l s o  i n c r e a s e s .
f o r  th e  l a r g e r  g ap s ,  O.O4 O i n  and 0 ,0 3 0  i n ,  th e  l i m i t i n g  c u r r e n t  
d e n s i ty  i s  n e a r  to  the  Olimic v a lu e ,  T h is  s u g g e s t s  t h a t  f o r  th e  h ig h  
v e l o c i t i e s  th e  t r a n s p o r t  o f  io n s  i s  m ig r a t io n  c o n t r o l l e d ,  and n o t  d i f f u s i c  
c o n t r o l l e d ,
f o r  th e  s m a l l e r  g a p s ,  0 ,020  i n  and 0 ,010  i n ,  th e  l i m i t i n g  c u r r e n t  
d e n s i ty  i s  n e a r  t o ,  b u t  p r o p o r t i o n a t e l y  l e s s  th a n ,  th e  Ohmic v a lu e ,  
how ever, v a lu e s  n e a r  th e  Ohmic v a lu e s  a g a in  i n d i c a t e  a  m ig r a t io n  con­
t r o l l e d  r e a c t i o n .  The o b s e r v a t io n  t h a t  a s  th e  gap i s  d e c re a se d ,  th e  
c u r r e n t  d e n s i t y  v a lu e  becomes l e s s  th a n  th e  Ohmic v a lu e ,  su g g e s ts  
t h a t  hydrogen  e v o lu t io n  i s  indeed- o c c u r r in g  a t  t h e  c a th o d e ,  and i s  
i n c r e a s i n g  t h e  e f f e c t i v e  r e s i s t i v i t y  o f  the  s o l u t i o n  and  so re d u c in g  
th e  o b se rv ed  c u r r e n t  d e n s i t y .  T h is  e f f e c t  i s  more marked a t  s m a l le r  
g a p s .  I t  i s  d i s c u s s e d  more f u l l y  i n  C hap te r  7*
The r e g io n s  where f lo w  r a t e  a f f e c t s  th e  c u r r e n t  d e n s i ty  can be 
d iv id e d  i n t o  l a m in a r  and t u r b u l e n t  f lo w  r e g i o n s ,
from th e  t h e o r e t i c a l  a n a l y s i s  f o r  la m in a r  f lo w , c u r r e n t  d e n s i t y  
i s  p r o p o r t i o n a l  to  the  sq u a re  r o o t  o f  v e l o c i t y  (Zqn, 2 . A ).
f i g . 2 . A shows good agreem ent be tw een  th e  t h e o r e t i c a l  and  
e x p e r im e n ta l  p l o t s  o f c u r r e n t  d e n s i ty  as  f u n c t i o n s  o f  e l e c t r o l y t e  v e l o c i i
"* 21 —
The c u r r e n t  d e n s i t i e s  f o r  each  gap a r e  l e s s  th a n  tcie Ohmic v a lu e ,  and  
f o r  each v e l o c i t y  t h e r e  i s  no a p a r e n t  e f f e c t  o f  gap w id th .  Thus th e  
i o n i c  d i f f u s i o n  r a t e  i s  n o t  y e t  b e in g  l i m i t e d  by  th e  i o n i c  m ig r a t io n  
r a t e ,  and th e  c u r r e n t  d e n s i t y  can be c a l c u l a t e d  from L e v ic h 's  e q u a t io n  
( 2 , 4 ) an d  n o t  from  Ohm's Law,
f o r  t u r b u l e n t  f lo w , i t  h a s  been  p o s t u l a t e d  t h a t  ioc v*^'^(Eon. (2 ,1 5 )  )
f i g , 2 ,3  shows p o o r  ag reem ent be tw een t l ie o ry  and e x p erh u en t  f o r
t u r b u l e n t  f lo w .  C u rren t  d e n s i t y  n e v e r t h e l e s s  i n c r e a s e s  w ith  v e l o c i t y  
(up to  th e  l i m i t i n g  v a lu e )  and th e  c u r r e n t  .dsnsi'by v a lu e s  a r e  s t i l l  
g r e a t e r  th a n  th o se  f o r  la m in a r  f lo w .  Thus d i f f u s i o n  m ust s t i l l  be 
i n f lu e n c i n g  th e  i o n  movement, and  tlie  d i f f u s i o n  l a y e r  must be t h i n n e r .
However, th e  r e -d ra w in g  o f  T ig .2 .3  " F i g . 2 .3 ^  -  shows th e  e f f e c t  
o f gap w id th  on th e  c u r r e n t  d e n s i t y - e l e c t r o l y t e  v e l o c i t y  r e l a t i o n s h i p .  
(F o r  l a m in a r  flow; t h e r e  was no such e f f e c t ) .  For a c o n s ta n t  v e l o c i t y ,  
a s  t h e  gap d e c r e a s e s ,  th e  c u r r e n t  d e n s i ty  i n c r e a s e s .  T h is  su g g e s ts  
th e  a d d i t i o n a l  i n f lu e n c e  of i o n i c  m ig r a t io n .
Thus, f o r  t u r b u l e n t  f lo w  i t  i s  su g g e s te d  t h a t :
( i )  a t  th e  e l e c t r o d e s ,  io n s  s t i l l  d i f f u s e  a c r o s s  the  d i f f u s i o n  l a y e r ,
( i i )  th e  d i f f u s i o n  r a t e  i s  g r e a t e r  t h a n  th e  r a t e  f o r  la m in a r  f lo w .
( i i i )  th e  m ig r a t io n  r a t e  l i m i t s  th e  d i f f u s i o n  r a t e .
( i v )  th e  d i f f u s i o n  r a t e  can be i n c r e a s e d  by  i n c r e a s i n g  th e  e l e c t r o l y t e  
v e lo c i ty ' ,  (The m ig ra t io n  r a t e  can be i n c r e a s e d  b y  d e c r e a s in g  idie gap 
w id th .  F o r  a c o n s ta n t  e l e c t r o l y t e  v e l o c i t y ,  th e  i o n  t r a n s f e r  r a t e  can 
be  i n c r e a s e d  o n ly  i f  th e  gap i s  d e c re a s e d ) .
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(v )  th e  iviaxinum c u r r e n t  d e n s i ty  i s  tlie  Olimio c u r r e n t  d e n s i ty ,  (T h is  
i s  o b ta in e d  when th e  p a th  l e n g t h  f o r  io n  m ig r a t io n  a p p ro x im a te s  to  th e  
gap w id th ,  and  o c c u rs  when th e  d i f f u s i o n  l a y e r s  a r e  d e c r e a s e d  by  th e  
h ig h  v e l o c i t i e s  to  v e ry  t h i n  r e g i o n s ) .
2 .6  Concl u s i o n s
(1 )  For la m in a r  f lo w ,  i o n i c  t r a n s p o r t  i s  d i f f u s i o n  c o n t r o l l e d ,  
th e  c u r r e n t  d e n s i t y  i s  a p p ro x im a te ly  p r o p o r t i o n a l  to  th e  square  r o o t  
o f  th e  e l e c t r o l y t e  v e l o c i t y .
(2 )  F o r t u r b u l e n t  f lo w ,  c u r r e n t  d e n s i t y  s t i l l  i n c r e a s e s  v d th  
v e l o c i t y  b u t  th e  io n  m ig r a t i o n  r a t e  l i m i t s  th e  d i f f u s i o n  r a t e .  For 
a g iv e n  p o t e n t i a l  g r a d i e n t ,  th e  maximum m ig r a t io n  r a t e  i s  g iv e n  b y  
Üiim's Law.
( 3 ) For th e  s m a l le r  g a p s ,  0 ,020  i n  and  OrOlO i n  hydrogen  e v o lu t io i  
a p p e a rs  to  lo w er  th e  maximum c u r r e n t  d e n s i ty  b e low  th e  Oiimic v a lu e .
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E f f e c t s  o f  th e  P ro d u ct s  o f  Hachini'Ag on E l e c t r o l y t e  P r o p e r t i e s
3 .1  I n t r o d u c t i o n
D uring  m acliining th e  m e ta l  d i s s o lv e d  from  th e  anode goes i n t o  b a s i c  
s o l u t i o n  a s  m e ta l  h y d ro x id e .  I n  most IhC.lI* a p p l i c a t i o n s ,  th e  e l e c t r o l y t f  
w i ih  tlie hydrox'dLde i n  s u s p e n s io n ,  w i l l  d u ly  c i r c u l a t e  oaclc to  th e  
working a r e a .  I f  th e  m e ta l  p a r t i c l e s  a f f e c t  th e  e l e c t r o l y t e  p r o p e r t i e s  
th e  m achin ing  a c t i o n  may be a f f e c t e d ,  and c a l c u l a t i o n s  b a s e d  on th e  
o r i g i n a l  p r o p e r t i e s  made e r ro n e o u s .
The r e s u l t s  below  show th e  e f f e c t s  o f m ach in ing  p r o d u c t s  on th e  
b u lk  e l e c t r o l y t e  c o n d u c t iv i t y ,  d e n s i t y  an d  v i s c o s i t y .
3 .2  A p a r a t u s
C o n d u c t iv i ty  was m easured  a t  18^0 u s in g  a  W ayne-herr  C o n d u c t iv i ty  
B r id g e ,  D e n s i ty  was m easu red  w i th  a  G r i f f i n  and  George H ydrom eter 
c a l i b r a t e d  i n  0 .001  g/m-6 d i v i s i o n s  from 1 .0 0 0  to  1 .5 0 0  g /m f. A 
G r i f f i n  and G-eorge U -tube  v is c o m e te r  vrns u s e d  to  d ie  he th e  v i s c o s i t y  
( a t  16^C).
'3*3 Re s u l t s
T ab le  3*1 g iv e s  th e  m easurem ents o f  e l e c t r o l y t e  c o n d u c t iv i ty ,  
d e n s i t y  and  v i s c o s i t y  f o r  t l i r e e  sam ples o f  2Cf/o RaCd s o l u t io n :  one 
f r e s h  and u n c o n ta m in a te d ,  and  two c o n ta in in g  th e  p r o d u c t s  of 
approxoim ately  6 h o u rs  and  9 h o u rs  m ach in ing  r e s p e c t i v e l y ,  a t  an  
a v e ra g e  c u r r e n t  o f  BOA, w i th  a t o t a l  e l e c t r o l y t e  volume o f  12 c u . f t .
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l a b l e  3 *1 : The e f f e c t s  o f  th e  jxroducts  o f  m ach in ing  on th e
c o n d u c t iv i t y ,  d e n s i ty  and v i s c o s i t y  o f  a  20;o NaOt s o l u t io n .
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5*4 D is c u s s io n
The c o n d u c t iv i t y  and d e n s i t y  a r e  n o t  a l t e r e d  by  th e  m e ta l  
hydroxcide p a r t i c l e s  i n  su s p e n s io n  i n  the  s o l u t i o n .  The s o l u t i o n  
v i s c o s i t y  i s  however i n c r e a s e d ,  b u t  th e  change i s  sm a ll  and  would have 
l i t t l e  e f f e c t  on th e  e l e c t r o l y t e  m o tio n .
( o w \S i m i l a r  r e s u l t s  have b e en  found  by  B a y o r^ ^ ^ ' .
5 .5  C o n c lu s io n
The m e ta l  p a r t i c l e s  i n  s o l u t i o n  sh o u ld  have v i r t u a l l y  no 
e f f e c t  on e l e c t r o l y t e  m o tion  and do n o t  a f f e c t  c o n d u c t iv i t y  o r  d e n s i t y .  
T h e i r  e f f e c t s  on m e ta l  m ach in ing  can th e n  be d i s r e g a r d e d .
T h is  i s  assum ed i n  sub seq u en t d i s c u s s io n s  on m ach in ing  e x p e r im e n ts .
- 2 6 “
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Tiie Ka c h in in g  o f  H e ta l s
4 .1  I n t r o d u c t i on
There i s  l i t t l e  p u b l i s h e d  work on the  b e h a v io u r  o f  m e ta l s  i n  
d i f f e r e n t  e l e c t r o l y t e s  u n d e r  H .C .k . c o n d i t i o n s .  T h is  c h a p te r  d e s c r ib e s  
e x p e r im e n ts  to  i n v e s t i g a t e  some e f f e c t s  o f  c u r r e n t  d e n s i t y  and  R eyno lds 
number on rem oval r a t e s  and s u r f a c e  f i n i s h  f o r  a  ran g e  of m e t a l s ,  machined 
i n  a 20^  sodium c h lo r id e  e l e c t r o l y t e .
T here  a p p e a rs  t o  be  no e s t a b l i s h e d  method f o r  p r e d i c t i n g  rem oval 
r a t e s  f o r  an  a l l o y  from th e  e le c t r o c h e m ic a l  e q u iv a le n t  o f  i t s  
c o n s t i t u e n t  m e t a l s .  Three  p o s s i b l e  methods a r e  f i r s t  deduced. These 
have been  t e s t e d  w ith  t h r e e  a l l o y s :  Nimonic 7 5 ? m onel, and an  a lum in ium - 
copper a l l o y .
4#2 Removal r a t e s  f o r  a l l o y s
I n  th e  m ethods be low , a n  a l l o y  i s  c o n s id e re d  t o  c o n s i s t  o f  % 
b y  v ;e igh t o f  e lem en t  A, w i th  a to m ic  w e ig h t  and  v.dth i t s  io n s  
d i s s o l v i n g  i n  v a le n c y  s t a t e  zp? of fg  fo o f  e le m e n t  B, vnLth a to m ic  
w e ig h t and  v a le n c y  and  Zg r e s p e c t i v e l y ,  and  o f  Xq fo o f  e le m e n t  G 
e t c ,
h e th o d  1 : X  by  w e ig h t"  m ethod
The sum of th e  chem ica l e q u iv a le n t s  (C .E) o f  each  e lem en t  i n  the  
a l l o y ,  m u l t i p l i e d  by  i t s  r e s p e c t i v e  p r o p o r t i o n  by  w e ig h t ,  g iv e s  a
v a lu e  f  o r  ^ , th e  G.E. o f th e  a l l o y :
2 /  a l l o y
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( f ! = A  . : a )  4- A  ^1b) -1- A  (a" ')
V f  a lloy  100 \  2A/ icTq \  Zg/ 100 \  Zq/
The rem oval r a t e  can t h e n  be fo u n d  from F a ra d a y ’ s Law:
''' a \  im =
I'.ethod 2: " o b se rv e d  rem oval r a t e  f o r  e le m e n ts ” m ethod
By t h i s  m ethod, i t  i s  n o t  n e c e s s a r y  to  know th e  G.E. v a lu e s  
f o r  each e le m e n t ,  i f  t h e  e le m e n ts  a r e  i n d i v i d u a l l y  m achined a t  th e  
r e q u i r e d  c u r r e n t  d e n s i t y .  The o b se rv ed  rem oval r a t e s ,  m u l t i p l i e d  a s  
above, a re  th e n  added  to  g iv e  a rem oval r a t e  f o r  th e  a l l o y ;
m -  (m)\ + (im)-D + (^ )p
100 100  ^  100  ^
r e t h o d  3: "Su p e r p o s i t i o n  b y  c h a rg e ” method
From F a ra d a y ’ s Law, th e  a d d i t i o n  of th e  coulombs r e q u i r e d  to  
l i b e r a t e  the  mass c o n t r i b u t i o n s  to  th e  a l l o y  o f  each  e le m e n m ,.g iv e s  th e  
number o f  coulombs r e q u i r e d  to  l i b e r a t e  Ig  o f  th e  a l l o y .  From t h i s ,  
a  v a lu e  f o r  th e  C.E, f o r  the  a l l o y s  i s  i'ound:
For e lem en t  A, th e  number o f  coulombs r e q u i r e d  t o  l i b e r a t e  th e  mass
c o n t r i b u t i o n  = ^  ^A  ^ F
f o b  * a%
( S i m i l a r l y  f o r  e le m e n ts  B,C)
For th e  a l l o y ,  th e  number o f coulombs r e q u i r e d  t o  l i b e r a t e  In- 4  _\  a l l o y
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The rem oval r a t e  f o r  th e  a l l o y  can th e n  oe fo u n d  from  Ibraday* s Law,
4 .3  A n n a ra tu s  and  P ro c ed u re
The a p p a r a tu s  u sed  w i th  tlie  3ar:nax machine i s  f u l l y  d e s c r ib e d
i n  Appendix: 1 .
Two ty p e s  o f  p l a n e ,  p a r a l l e l  e l e c t r o d e s  have b e en  used :
2
(a.) f o r  c u r r e n t  d e n s i t i e s  up to  525 A / in  : c y l i n d r i c a l  e l e c t r o d e s  
o f  d ia m e te r  1*3 i n .
(b )  f o r  c u r r e n t  d e n s i t i e s  be tw een  500 and  1200 A / in ^ :  square  e l e c t r o d e s  
o f  s id e  0 ,4 5  i n ,
A t y p i c a l  j i g  u s e d  w ith  th e  Barmax machine i s  shown i n  F i g , 2 .1  
A 20jl sodium c h lo r id e  s o l u t i o n  was chosen  a s  th e  e l e c t r o l y t e ,  
on a d v ic e  from  i n d u s t r i a l  u s e r s  o f  th e  p r o c e s s ,  b e ca u se  i t  v/as known 
t o  g iv e  s a t i s f a c t o r y  r e s u l t s  i n  the  m achining  o f  m i ld  s t e e l  and  Lim onic 
a l l o y s  u n der  s u i t a b l e  c o n d i t io n s  o f  c u r r e n t  d e n s i t y  and  gap w id th .
The f o l lo w in g  m e ta l s  have b e en  i n v e s t i g a t e d : '  n i c k e l ,  L imonic 75? 
m i ld  s t e e l ,  al'uminium, m onel, c o p p er ,  c a s t  i r o n ,  and  an  a lum in ium - 
copper a l l o y .
The e x p e r im e n ta l  p ro c e d u re  r e q u i r e d  w i th  tire Barman: machine i s
-  2 9  -
I
a l s o  g iv en  i n  Appendix 1.
4 .4  R e s u l t s  -  a l l o y  rem oval r a t e s
Removal r a t e s  f o r  an a lum inium - copper a l l o y ,  Lim onic 75 and 
L o nel have b e en  c a l c u l a t e d  b y  th e  f i r s t  a n d  t h i r d  m ethods, and  compared 
w i th  e x p e r im e n ta l  v a lu e s .
The second  m ethod h as  b e en  a p p l i e d  to  the  a lum in ium -copp er  a l l o y  
(w i th  c o n s t i t u e n t s  copper and alum inium ) and  to  L one l (w i th  i t s  main 
c o n s t i t u e n t s ,  n i c k e l ,  copper and i r o n ) .
The co m p o s it io n  and  assumed a tom ic  w e ig h t  and  v a le n c y  o f  each  
m e ta l  w ere  :
AS-Cu a l l o y ;  A&; Cu; 0 .5 ^  B i ;  0 .5 ?  Pe
Cu : 99 .% ; Cu; 0.05;'i B i;  O.OgB' Po;
^Cu = ° 5 .5 7  Zqu = ^
At ; 9 9 /  A t; 0 . 1 /  Cu; 0 . 7 /  Fej 0 . 1 /  hn ; 0 . 1 /  gn.
” 26 .97  -  3
F o r  th e  c a l c u l a t i o n  th e  p r o p o r t io n s  assum ed were:
At-Gu a l l o y :  94-'  ^ A t ;  5 /  Cu ( th e  o th e r  1 /  was n e g le c te d )
Gu : 100/6
At : 1 0 0 /
Kiraonic 75 : 72.5;'; N i; 1 9 .5 ^  Or; O.ig; T i ;  5,7 ? e ;  O.gg Cu; 0 .1 ; '  S i ;
0.1;'i Nn; 0 . l 7  Cu. ' .
N onel : 65.0% N i; 5 1 .7 7  Cu; 2 .5 7  27 0 .5 :  S i ;  0 .5 7  C.
3 0
ï a b l o  4 .1 :  é v a l u a t i o n  ci* C .é .  f o r  Af -  Cu a l l o y ,  ITimonic 75 and  Aonel
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Tablo 4 o :  E v a lu a t io n ,  o f  C.E. f o r  A t -  Cu a l l o y ,  :r:jnonj.c 73 and
Aonol b y  I lo th od  3*
: a i o y a lio :
lOO/z/i
8 .9 9
uu
.H o y ICO
2 .4 7
1.12
0 .179
T i 0 .017
S i
1.0 07
0.003
0.1
100 3 .9 7
Gu
0 .0 7
7.02 0 .070 .3
( i n e r t )
A l lo y 100
-  34 “
T abic  4 . 'r: C onparicon  o f  p r e d i c t e d  and ob,served r é n o v a i  r a t e s  f o r
eacn  a l l o v
C u rre n t  | JJ jLCT TE 2 ( p / (n i n . i r t  ) '
D e n s i ty  j ? I D I C T E D OESEÏEOD GY
:./±rfi I I 'e th o d  1 LIcthod 2 E e th o d  3
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I
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"
0 .4 7
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.
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j
.7 4 .57 0 .3 1 E o nel
So ! .43 . k l 0 .3 6 0 .4 7 At -  Gu
.99 0*94 0 .9 5 : nxi .7 5
1
1 .4 3 1 .4 2 1 .0 3 1 .3 0 ITone l
75 0 4 — 0*43 - „dt "  Cu
1 .2 4 - 1 .13 1 .1 3 IMn»75
1 .6 6 - 1 .2 7  ■ 1 .6 3 E onel
90 .6 3 .6 3 0 .3 4 0 ,6 9 At “ Gu
1 .4 9 1 .4 2 1 .4 0 lira .7 3
2 .2 4 1 .8 1 1 .3 3  ■ 1 .9 - .one l
150 1 ,0 3 “ 0*90 - -  Cu
2 .4 3 2 .3 3 2 .3 ITiia *73
3 .7 2
i
"
2*54 3 .2 3 Eon e l
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T a b le s  4*1 , 4*2, 4*3 shov: th e  c a l c u l a t i o n s  o f  th e  C.E. f o r  each 
a l l o y  by  each  m ethod.
T ab le  4*4 shows th e  com parison  o f  th e  c a l c u l a t e d  rem oval r a t e  
f o r  each  m ethod, and o b se rv ed  rem oval r a t e s  f o r  each  a l l o y ,
4* 5 D is c u s s io n
Low c u r r e n t  d e n s i t i e s  were u s e d ,a s  a t  h ig h e r  v a lu e s ,  o th e r  a n o d ic  
r e a c t i o n s  oecome a p p r e c i a b le  and low er the  c u r r e n t  e f f i c i e n c y .  (See 
l a t e r  -  4*10)*
The rem oval r a t e s  p r e d i c t e d  by  method 1 a re  lo w er  th a n  th e  
o b se rv e d  r a t e s  f o r  th e  At-Cu a l l o y ,  b u t  h ig h e r  f o r  h im onic  75 and 
h o n e l .  T here  i s  no a p p a re n t  t h e o r e t i c a l  b a s i s  f o r  adding  th e  r e s p e c t i v e  
mass c o n t r i b u t i o n s  f o r  each  a l l o y  i n  t h i s  way, and th e  method can o n ly  
be r e g a r d e d  a s  giving- an  e m p i r ic a l  v a lu e .
I n  Method 2 ,  th e  n e c e s s a r y  knowledge o f  io n  v a le n c ie s  i s  a v o id e d  
by  ad d in g  loiown rem ovai r a t e s  f o r  th e  a l l o y  c o n s t i t u e n t s .  In  g e n e r a l ,  
th e  t h e o r e t i c a l  r a t e s  a r e  l e s s  th a n  th e  o b se rv e d ,  how ever, th e  use  of 
th e  method i s  l i m i t e d ,  a s  a l l  th e  a l l o y  c o n s t i t u e n t s  may n o t  be r e a d i l y  
a v a i l a b l e  f o r  m a c h in in g .  T h is  was th e  case  w i th  Mimionic 75*
The Law o f  S u p e r p o s i t io n  o f  Charge 'was u se d  a s  the  p h y s i c a l  b a s i s  
f o r  th e  t h i r d  m ethod. There i s  good agreem ent be tw een  th e  p r e d i c t e d  and 
o b se rv e d  rem oval r a t e s  f o r  Mimonic 75? b u t  p o o r  ag reem en t f o r  th e  o th e r  
a l l o y s .
P e r  a l l o y s  w i th  a  l a r g e  number o f  c o n s t i t u e n t s  th e  t h i r d  method 
i s  p o s s i b l y  th e  m ost s u i t a b l e  a s  i t  does have th e  t h e o r e t i c a l  g rounding
—36—
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that the others In ok,
4.6 Results - The Maohinin^ of motals
2
F ig .4 .1  shows the e f f e c t  of current d e n s it ie s  ranging from 75 A /in
to 1200 k / l r ?  on the th eoretica l (Fnraday) and experimental removal
rates for  niclcel, mild s t e e l ,  Nimonic 75 and aluminium.
F o r these m etals, and the range of current d e n s it ie s  75 to 
2
1200 A /in  , Reynolds numb r s  ra n g in g  from 10000 to  48000 have no e f f e c t  
on rem oval r a t e .
F i g , 4 .2  shows th e  c o r re sp o n d in g  e f f e c t s  o f  c u r r e n t  d e n s i ty  on 
ou rrenb  e f f i c i e n c y .
F i g . 4 .3  shows th e  e f f e c t  o f  Reynolds numbers ra n g in g  from 10000
to  48000 on the  rem oval r a t e s  f o r  cop per, m achined a t  c u r r e n t
2d e n s i t i e s  from 30 to  90 A / in  ,
F i g . 4 .4  and 4*5 show the dependence of removal rate and current
.  '  .  2
e f f i c i e n c y ,  r e s p e c t i v e l y ,  on c u r r e n t  d e n s i t i e s  ra n g in g  from 1 A / in  
2to  150 A / in  f o r  c a s t  i r o n ,
4 .7  D is c u s s io n
Zt-.7.1 The m achin ing  o f  n i c k e l ,  m ild  s t e e l ,  Nimonic 75 and a lum in ium . 
Prom F ig s .  4 ,1  and 4 -2  th e  fo l lo w in g  c h a r a c t e r i s t i c s  of the 
i n d i v i d u a l  m e ta ls  h -ve  been  e s t a b l i s h e d :
( i )  N ic k e l
! ' io k e l  a p p e a rs  to  d i s s o lv e  i n  the  d iva len*  s t a t e .  The c u r r e n t
2
e f f ic ie n c y  decreases with current density from about 102/ at 75 /^/in 
to  97/o a t  12,000 A / in
4 2
( i i )  N i l a  d t e e l
R egarded from an  e l e c t r o c h e m ic a l  v iev .p o in t  a s  d i v a l e n t  p u re  i r o n ,  
m ile  s t e e l  h a s  a  c u r r e n t  o f f i c i o n c y  n iiich  d e c r e a s e s  v i t h  c u r r e n t  
d e n s i t y  from  a . o u t  105/  a t  75 A /in ^  t o  9 ^ /  a t  1200 A / in ^ .
( i i i )  Nimonic 75
T h e o r e t i c a l  rem oval r a t e s ,  shor/n i n  R i g .R . l  were c a l c u l a t e d  
by  th e  t h i r d  method f o r  c a l c u l a t i o n  o f  a l l o y  rem oval r a t e s  d e s c r ib e d  
abov e , From P i g . 4 .2  c u r r e n t  e f f i c i e n c y  d e c re a s e s  w i th  c u r r e n t  d e n s i t y  
from ab o u t  1 0 0 /  a t  75 A / in ^  to  a b o u t  a t  1200 A / in ^ ,
( i v )  A3.uminium
The o b se rv e d  rem oval r a t e s  a r e  g r e a t e r  th a n  th e  t h e o r e t i c a l  
f o r  th e  m e ta l  i n  i t s  norm al t r i v a l e n t  s t a t e .  T h is  may be due, e i t h e r  
to  th e  sodium c h lo r id e  e l e c t r o l y t e  wiiich has  a  s t ro n g  a f f i n i t y  f o r  
aliminiuffl ( s e e ,  f o r  exam ple, i i e l l o r ’ s "modern I n o r g a n ic  C hem istry"(^ '^-)) 
a s s i s t i n g  th e  e l e c t r o l y t i c  a c t i o n  by  d i s s o lv in g  th e  m e ta l  whose i o n i c  
bonds have  b e e n  lo o s e n e d  by  th e  e l e c t r i c  f i e l d ,  o r  to  th e  m e ta l  io n s  gfng 
i n t o  s o l u t i o n  i n  a  low er  v a le n c y  th a n  norm al ( s e e ,  f o r  exam ple, 
"N noyolopaed ia  o f  P l e c t r o c h e m is t r y " ^ ^ ^ ) )  ^ o r  t o  th e  m e ta l  io n s  d i s s o l v i n g  
i n  s e v e r a l  d i f f e r e n t  v a le n c y  form s; th e s e  io n s  may th e n  r e a c t  vrith  
th e  hydrogen  p r e s e n t ,  o r  v /ith  tlie  w a te r  i n  th e  e l e c t r o l y t e ,  t o  form  
io n s  of noï-mal v a le n c y .  P e r  exam ple, f o r  AA io n s  d i s s o l v i n g  i n  th e  
d i v a l e n t  s t a t e ,  a  p o s s i b l e  r e a c t i o n  m ig h t  b e ;
A-d"*' -i- = Ad' *^ 4. i  H2
-  4 b  -
The c u r r e n t  e f f i c i e n c y  d e c re a s e s  r / i th  c u r r e n t  d e n s i ty  from a b o u t  
1 1 8 /  a t  75 h / i n ^  to  a b o u t  1 0 2 /  a t  1200 A / in ^ .
T h is  ; :e n e ra l  d e c re a se  o f  c u r r e n t  e f f i c i e n c y  w ith  i n c r e a s e  i n  
c u r r e n t  d e n s i t y  i s  d i s c u s s e d  l a t e r  i n  r e l a t i o n  to  s u r f a c e  f i n i s h .
4 c7-2  The m ach in ing  o f  cooper
Prom P i g . 4 .5 , .  rem oval r a t e  i n c r e a s e s  v/ith  R eyno lds numbers up to  
a b o u t  40000 a f t e r  which th e  l a t t e r  h a s  no e f f e c t .  W ith in  th e  ran g e  60 
to  90 A / in ^ ,  m ach in in g  a t  R eynolds numbers l e s s  t h a n  20000 was n o t  
p o s s i b l e  due to  s h o r t i n g  a c r o s s  th e  e l e c t r o d e  g a p .  T h is  l i m i t i n g  c u r r e n t  
d e n s i t y  f o r  a g iv e n  R eyno lds number s u g g e s ts  t h a t  th e  C i s s o lu t i o n  of 
copper i n  sodium c h lo r id e  i s  d i f f u s i o n  c o n t r o l l e d .  The d i f f u s i o n  o f  
copper i n  so d iu n  c h lo r id e  has a l s o  b een  n o te d  by f lu r le n ^ ^ ^ ) .
Copper a u p e a r 8 to  d i s s o lv e  from th e  anode i n  th e  m onovalen t s t a t e .  
T h is  has  a l s o  se en  o o se rv e d  by  H u r le n  who shows t h a t  i n  come s o l u t i o n s  
( e . g .  c h lo r i d e s  and c rom ides)  copper d i s s o l v e s  m o n o v a le n t ly ,  w h i l s t  
i n  o t h e r s  ( e . g .  s u l p h a t e s )  i t  d i s s o l v e s  d i v a l e n t l y .
I n  R i g .4*5 f o r  th e  rem oval r a t e s  in d e p e n d e n t  o f R eynolds numr:er, 
th e  c u r r e n t  e f f i c i e n c y  was e s t i i a a t e d  a s  a b o u t  1 0 2 ; /  T liat th e  e f f i c i e n c y  
Y/as g r e a t e r  th a n  1 0 0 /  was p o s s i o l y  due to  th e  detachmenm o f  a c t u a l  
g r a i n s  from  th e  anode by e l e c t r o l y t i c  g r a i n  boun dary  a t t a c h .  The 
g r a n u l a r  s u r f a c e  f i n i s h  o f  th e  copper d e s c r ib e d  oelov; c o r r o b o r a te s  t h i s  
e :{ p la n a t io n .  A no ther  p o s s i b l e  r e a s o n  -  c o r r o s io n  by th e  sodium c h lo r id e  
w hich , i n  h u r l e n ' s  w'orlc, i s  s t a t e d  to  cause e f f i c i e n c i e s  i n  e x c e ss  
o f  1001 “ i s  d i s m is s e d  uecause :
„ 44 -
( i )  th e  d u r a t i o n  of each  t e s t  (10  m in ,)  was i n s u f f i p i e n t l y  lo n g  
f o r  c o r r o s io n  to  ta k e  p l a c e ,  and
( i i )  i n  checks v.àth th e  e l e c t r o d e s  0«060  iiio a p a r t  v /ith  the  
e l e c t r o l y t e  f lo w in g  (Re = i-:nOOO) ou t no c u r r e n t ,  t h e r e  was no w e ig h t  
l o s s  from  th e  anode.
E f f e c t s  o f  R eyno lds number and c u r r e n t  d e n s i t y  on s u r f a c e  f i n i s h  
a r e  d e s c r ib e d  b e low .
4 *• 7 The i la c h in in g  of c a s t  i r o n
f ig ,Z [.,4 shows t h a t  tlie  e x p e r im e n ta l  and  t h e o r e t i c a l  rem oval 
r a t e s  (a ssu m in g , a s  b e f o r e ,  t h a t  th e  m e ta l  i s  d i v a l e n t  p u re  i r o n )  a r e  
a lm o s t  c o in c id e n t  o itly  up t o  a b o u t  10  A / in ^  above which th e  o b se rv e d  
r a t e  f a l l s  av/ay from th e  t h e o r e t i c a l .
T h is  e f f e c t  i s  due to  p a r t i a l  p a s s i v a t i o n  (a  phenomenon d e s c r ib e d  
f u l l y  b y  E v ans(2^ )^  a n d  U h l i g ( ^ ^ ) ) .  I t  can be a t t r i b u t e d  to  a 
p r o t e c t i v e  ox ide  l a y e r  on th e  m e ta l  s u r f a c e  p ro d u ce d  p o s s i b l y  by  
d i r e c t  o x i d a t i o n  o f  th e  s i l i c o n  i n  th e  m e ta l  v d th  m o is tu r e ,  th e  
r e a c t i o n  b e in g
S i  + 2 H2 0 =  Si(OH]^ -f H2 
and to  d i l o r i n e  fo rm ing  on th e  i n e r t  carbon  i n  th e  m e ta l  (The c h lo r in e  
was e a s i l y  sm e l le d  a t  the  end o f  each  t e s t ) .
A ttem p ts  were made to  re d u c e  the  p a s s i v a t i o n  e f f e c t  (and  so 
i n c r e a s e  th e  rem ova l r a t e )  by
( i )  i n c r e a s in g  th e  Reynolds number to  m e c h a n ic a l ly  remove the p a s s i v e  
l a y e r ,
( i d )  Scraping  th e  s u r f a c e  to  remove th e  i n i t i a l  ox ide  f i l m ,  an d
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( i i i )  smeoirirg; th e  s u r f a c e  w ith  c o n c e n t r a te d  HCd a c i d  to  d i s s o lv e  
th e  l a y e r .  They vrere a l l  u n s u c c e s s f u l  » a t  th e  end  o f  each t e s t ,  th e  
rae ta l  s u r f a c e  v.ns s t i l l  c o v e red  v i t h  a t h i c k ,  b l a c k  ox ide  l a y e r .
A p o s s i b l e  e x p la n a t i o n  f o r  p a s s i v i t y  h as  b e e n  g iv e n  by  b h l i g .  
he  s u g g e s t s  t h a t  m e ta l s  which p a s s i v a t e  a re  u s u a l l y  in co m p le te  i n  
th e  d -e n e rg y  l e v e l s  i n  th e  s h e l l  be low  t h a t  o f  th e  v a le n c y  e l e c t r o n s ,  
and th u s  have an  in c o m p le te  f i l l i n g  o f  th e  d -band  i n  th e  c r y s t a l l i n e  
s t r u c t u r e ,  i . e .  m e ta l s  i n  th e  e le c t r o c h e m ic a l  " t r a n s i t i o n  g ro u p " .  
P a s s i v a t i o n  w a l l  c o r re sp o n d  to  in co m p le te  b a n d s ,  an d  a d s o r p t io n  to  
f i l l e d  b a n d s .  The a d s o r p t io n  o f  oxygen atoms o n to  th e  m e ta l  s u r f a c e  
in d u c e s  p a s s i v i t y  s in c e  th e y  behave a s  e l e c t r o n  a b s o r b e r s  w i th  no 
te n d e n c y  to  su p p ly  e l e c t r o n s  to  s ’u r fa c e  atom s oi' th e  m e ta l .
f i g . A *5 shows t h a t  th e  c o rre sp o n d in g  c u r r e n t  e f f i c i e n c y  d e c r e a s e s  
w i th  c u r r e n t  d e n s i t y  from a b o u t  l id ; !  a t  2 3 A / in ^  to  a b o u t  a t  1 3 C A /in ^  
A t th e  fo rm er  c u r r e n t  d e n s i t y ,  e f f i c i e n c y  g r e a t e r  th a n  100^ i s  p ro b a b ly  
due to  d i f f e r e n t i a l  e r o s i o n  o f  th e  o th e r  e le m e n ts  i n  th e  m e ta l ,  c a u s in g  
th e  g r a i n s  o f  i n e r t  carbon  to  drop o u t ,  and th u s  i n c r e a s in g  th e  o b se rv ed  
rem oval r a t e .
4 . Ü Dependence o f  s u r f a ce f i n i s h on m ach in ing  n a ra m e te r s
S u rfa ce  ro u g h n ess  m easurem ents (u s in g  a T a l y s u r f  i n s t r u m e n t ) were 
made f o r  c u r r e n t  d e n s i t i e s  r a n g in g  from 73 A / in ^  t o  1200 A / in ^ ,  ana  
f o r  a  c o n s ta n t  R eyno lds number (1 3 OOO) and te m p e ra tu re  ( l 6^C).
4 , 9  Resul t s  "
T ab le  4*3 shows th e  e f f e c t  o f  c u r r e n t  d e n s i ty  on s u r f a c e  ro u g h n ess
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T ab le  4 . 6 : S u rfa ce  ro u g h n ess  (m ic r o - in )  a s  a  f u n c t i o n  o f  Reynolds
nujfber f o r  m ild  s t e e l .
P ig  i f .7 : T y p ica l f i n i s h e s  f o r  copper a t  60 A / in
( i )  (Re = 10000) : ( i i )  (Re = 20000)
( i i i ) ( R e  = 36OOO) : ( i v )  (Re = ifBOOO)
Pig i f .6 : T yp ica l f i n i s h e s :
Monel : A(75 A /in ^ ) , B (225 A /in ^ ) (Re
0(375  A /in^ ) (Re = I 6OOO) 
N i c k e l  : D (375
= 2ifOOO)
B
-  49 “
(m easured  i n  n i c r o - i n )  f o r  n i  doe ÎTiinonic 75; m i ld  s t e e l ,  alum inium  
and h o n o l .
T ab le  4»o f o r  m i ld  s t e e l  shews "the dependence o f  s u r f a c e  ro u g h n ess  
on Reynolds numbers ra n g in g  from  13000 to  64OOO, f o r  a c u r r e n t  d e n s i ty  
of 150
figol-ob i l l u s t r a t e s  t h r e e  f o n e l  specim ens m achined  a t  75 h / i n ^  
and  225  A / in ^  (Re = 24000) and  375 A /in ^  (Re = I 6 OOO) and one n i c k e l
specim en m achined a t  375 A /in ^  (Re -  I 6OOO),
R ig ,4 ,7  i l l u s t r a t e s  f o u r  copper specim ens eac h  m achined  a t  60 A / i r r  
b u t  a t  d i f f e r e n t  R eynolds numbers (1 0 ,0 0 0 ,  2 0 ,0 0 0 , 3 5 ,0 0 0 ,  4 8 ,0 0 0 ) .
4 .10  D is c u s s io n
( i )  N ic k e l ,  h im on ic  75? k o n e l ,  m ild  s t e e l  and alum inium
From T ab le  4 -5  f o r  c u r r e n t  d e n s i t i e s  r a n g in g  from  75 to  a b o u t  
300  A /in 2  f o r  n i c k e l  and alum inium , and from 75 to  5OO A /in ^  f o r  Nimonic 
75 and  m ild  s t e e l  a  smooth f i n i s h  i s  o b ta in e d ;  f o r  alum inium  th e  f i n i s h  
i s  smooth b u t  e tc h e d .
F o r  Nim onic 75; f o r  c u r r e n t  d e n s i t i e s  from 75 to  I 50 A / in ^  th e  
s u r f a c e  ro u g h n ess  v a lu e s  a r e  g r e a t e r  th a n  th o s e  f o r  niol-cel and m ild
s t e e l .  A t h ig h e r  c u r r e n t  d e n s i t i e s ,  th e  e f f e c t  i s  l e s s  marked and a
sm oother f i n i s h  o b ta in e d .  T h is  i s  p o s s i b l y  due to  d i f f e r e n t i a l  e r o s io n  
o f  th e  a l l o y  c o n s t i t u e n t s  : th e  c o n s t i t u e n t  v.àth th e  lo w e s t  
d e co m p o s i t io n  p o t e n t i a l  w i l l  d i s s o lv e  f i r s t ,  ( T h is  p o t e n t i a l  depends 
on th e  a l l o y ,  th e  e l e c t r o l y t e  and o n - th e  c u r r e n t  d e n s i t y ) .  For a 
g r e i n  o f  m e ta l  a t  th e  anode s u r f a c e  which h as  a  g r e a t e r  d eco m p o s it io n
v o l ta g e  tho„n v io  su r ro u n d in g  m a t e r i a l ,  l e s s  c u r r e n t  vd.ll f lo w  to  
t h a t  g r a i n .  T h is  v / i l l  th a n  d i s s o lv e  a t  a lo w e r  r a t e  t i ian  th e  
surrounding; m e ta l ,  and w i l l  p r o t r u d e  from th e  s u r f a c e  i n c r e a s i n g  th e  
o v e r a l1 roughne s s .
(N ote: f o r  any  v o l ta g e  g r a d i e n t  a c r o s s  th e  gap, d i s s o l u t i o n  o f  th e  
p r o t r u d in g  g ; r i in  w i l l  o n ly  commence when i t s  p o t e n t i a l  r e a c h e s  th e  
d e co m p o s i t io n  p o t e n t i a l ,  i t  h ig h e r  c u r r e n t  d e n s i t i e s  th e  v o l ta g e  
g;raa i e n t  i n c r e a s e s ,  th e  d eco m p o si t io n  p o t e n t i a l  w i l l  be a c h ie v e d  more 
pu ic lc ly  and th e  s u r f : . ce w i l l  become sm o o th e r) .
i  s i m i l a r  e f f e c t  i s  o b se rv e d  f o r  m onel. I n  R i g .4 .7  d i f f e r e n t i a l  
e r o s io n  a t  7 5 h / iu ^  h as  s e p a r a t e d  the copper (d a rk )  an d  th e  n i c k e l  
( l i g h t ) ,  i t  a  h ig h e r  c u r r e n t  d e n s i ty  (225  h / i n ^ )  th e  s e p a r a t i o n  i s  
n o t  o '.v io u s :  th e  d i f f e r e n t i a l  e r o s io n  e f f e c t  i s  d e c r e a s e d  and th e
s u r f a c e  i s  sm o o ther.
T able  4*5 a l s o  chows a g e n e r a l  i n c r e a s e  o f  sm oothness w i th  
c u r r e n t  d e n s i t y .  T h is  has  a l s o  been  n o te d  by  Edwnrds^^-^, b u t  f o r  
low c u r r e n t  d e n s i t i e s  ( t o  1 i / i n ^ ) .
i t  h ig h e r  c u r r e n t  d e n s i t i e s  (above 300-500 i / i n ^ ) ,  f o r  n i .c k c l ,  
aluminiuim anil Nimonic 75? a p o l i s h e d ,  cusped  f i n i s h  i s  o b ta in s : . ,
( s e e ,  e . g .  R ig , 4 - o -  micicel spec im en) .
For m ild  s t e e l  t h e r e  i s  i n c r e a s e d  p i t t i n g  a t  th e s e  c u r r e n t  
d e n s i t i e s  c a u s in g  a ro u g h e r  s u r f a c e .
. . i IC O th in g  and P o l i s h in g
For a g iv e n  I-lewiolds number, sm oothness depends on c u r r e n t  d e n s i ty  
(mos.r a.nd Ro'lliv:ell^^^'^^^ ) .  The smoothing and p o l i s h i n g  a c t i o n  i s
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c o n t r o l l e d  by  th e  i o n  d i f f u s i o n  l a y e r  n e x t  to  th e  anode; i t  i s  d i s c u s s e d  
more f u l l y  i n  th e  n e x t  c h a p te r :
B r i e f l y ,  i n  th e  ' J a c o n e t '  th e o r y  f o r  th e  p o l i s h i n g  o f  a  m e ta l  i n  
an  e l e c t r o l y t e ,  th e  p l o t  of c u r r e n t  p o t e n t i a l  a g a i n s t  anode p o t e n t i a l  
i s  an ' i n v e r t e d  S' shapjcd c u rv e , w i th  a  p l a t e a u  r e g i o n  p a r a l l e l  to  
th e  p o t e n t i a l  a x i s  i n d i c a t i n g  th e  maximum sm oothing ( i . e .  p o l i s h i n g )  
c o n d i t i o n s .  The curve th e n  r i s e s :  t h i s  s e c t i o n  c o rre sp o n d s  to  gas 
e v o lu t io n  a t  th e  anode causiipg p i t t i n g  o f  th e  p o l i s h e d  su r fa c e *  Less 
c u r r e n t  w i l l  be a v a i l a b l e  f o r  m e ta l  d i s s o l u t i o n  and th e  c u r r e n t  
e f f i c i e n c y  w i l l  be r e d u c e d .  The c u r r e n t  d e n s i ty  and  p o t e n t i a l  a t  
which p o l i s h i n g  and  gas  e v o lu t i o n  o c cu r  r e s p e c t i v e l y  can be in c r e a s e d
by  r a i s i n g  th e  f lo w  r a t e ( 4 ) ( 5 )
C u r re n t  E f f i c i e n c y  and  G-as Invo lu tion  
For th e  above m e ta l s ,  th e  d e c re a se  i n  c u r r e n t  e f f i c i e n c y  a s  th e  
cui-'rent d e n s i t y  i s  i n c r e a s e d  may be l i n k e d  to  th e  p i t t i n g  e f f e c t  and 
hence  to  th e  e v o l u t i o n  o f  gas ( p o s s i b l y  os:ygen) a t  "bho anode.
At th e  lo w er  c u r r e n t  d e n s i t i e s  (75 to  pOO-pOO A / in ^ )  th e  e f f e c t  
o f  gas e v o lu t i o n  may n o t  be g r e a t ,  and th e  s u r f a c e s  become sm oother.
The p o l i s h e d ,  cusped f i n i s h  a t  th e  h i g h e r  c u r r e n t  d e n s i t i e s  may 
s i g n i f y  t h a t  i n  th e  p o l a r i s a t i o n  c u rv e ,  the  r e g i o n  f a v o u r in g  gas 
e v o lu t i o n  w i th  p o l i s h i n g  h as  b een  e n te r e d ,  an f  t h a t  th e  Reynolds nurfoer 
i s  to o  low  f o r  o v e r a l l  p o l i s h i n g .  G-as a t  tlie anode may th e n  d i s r u p t  
th e  p o l i s h i n g  f i lm  an d  h i n d e r  th e  p o l i s h i n g  a c t i o n .
For m ild  s t e e l  t h e r e  i s  no ev id en ce  o f  p o l i s h i n g ,  a l th o u g h  a t  the
5 2
lo w e r  c u r r e n t  d e n s i t i e s ,  sm oothness i n c r e a s e s  w i th  c u r r e n t  d e n s i t y .
For tLuis m e ta l  th e  J a c e u e t  p l a t e a u  c u r r e n t  a e n s i t .y  r e g io n  may be s h o r t ,  
c a u s in g  e a r l y  o n s e t  o f gas  e v o lu t io n .  T h is  e f f e c t  would be more 
n a rk e d  a t  h ig h e r  c u r r e n t  d e n s i t i e s . The o b se rv ed  ex trem e p i t t i n g  
p r o v id e s  some e v id e n c e  f o r  t h i s .
The e f f e c t  o f  p i t t i n g  on s u r f a c e  sm oothness can  be roCvaceà i f  
th e  gas  i s  svrept away b e f o r e  i t  can a f f e c t  th e  p o l i s h i n g  f i l m .  In  
T ab le  4=5 f o r  n i l d  s t e e l ,  m achined a t  IpO A/lnP- th e  ro u g h n ess  i s  
re d u c e d  a s  th e  Re^molds nunber i s  i n c r e a s e d .  I t  i s  i n f e r r e d  t h a t  th e  
e f f e c t  o f  p i t t i n g  on th e  s u r f a c e  ro u g h n ess  can be re d u c e d  i f  th e  gas 
i s  swept avray b e f o r e  i t  can a f f e c t  th e  d i f f u s i o n  l a y e r .
( i i )  Conner
'  f  f-T—< —
A ro u g h , uneven  b u t  p o l i s h e d  f i n i s h  i s  o b ta in e d  i n  sodium c h lo r i d e .  
From lA go4 '7?  a t  low R eynolds numbers (1 0 ,0 0 0  t o  2 0 ,0 0 0 ;  t h e r e  i s  
g r e a t e r  e r o s i o n  a t  t h e  edges o f  th e  specimens* T h is  i s  p resu m ab ly  
due t o  h ig h e r  f lo w  a t  h ie  s id e s  a l lo w in g  a l o c a l  i n c r e a s e  i n  c o n d u c t iv i t y  
by  re d u c in g  th e  e f f e c t  o f  hydrog en  g a s .  (The e f f e c t  of h yd ro g en  i s  
d i s c u s s e d  i n  C hap ter  7)= As th e  R e y io ld s  number i s  i n c r e a s e d  ( t o  
4 8 , 000) th e  s u r f a c e  w h ile ' s t i l l  uneven becomes more uniformi, p o s s i b l y  
a s  a r e s u l t  o f  a more un ifo rm  flow*
V i i i l s t  i t  does n o t  seen  p o s s i b l e  to  o b t a i n  a smooth f i n i s h ,  th e  
s u r f a c e  t e x t u r e  does become f i n e r  a s  th e  c u r r e n t  d e n s i t y  i s  i n c r e a s e d ,
( i i i )  C as t  i r o n
A f t e r  rem oval o f  th e  b la c k ,  ox ide  l a y e r  a  c o a r s e ,  b la c k  f i n i s h  
■wa,s r e v e a l e d .  The ro u g h n ess  exceeded  200 m ic r o - in  f o r  tn e  range  o f  
c u r r e n t  d e n s i t i e  s .
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4 J |  Gcnclu s ie n s
The f e l l o w in g  c o n c lu s io n s  can be n a ie :
1* The m ethod f o r  p r e d i c t i n g  a l l o y  rem oval r a t e s  which i s  b a se d  cn
th e  Law o f  S u p e r p o s i t io n  o f  Change g iv e s  good r e s u l t s  f o r  i i n o n i c  75.
2, C u r re n t  e f f i c i e n c y  d e c r e a s e s  as  the  c u r r e n t  d e n s i ty  i n c r e a s e s .
3= K i d : e l ,  Nimonic 75? m ild  s t e e l  and a lum inium  machine w e l l  i n  2C>;G
sodium c h lo r id e  s o l u t i o n  and f o r  a p p r o p r i a t e  v a lu e s  o f  th e  n a c l i in in g  
p a ra m e te r s  p roduce  a  s a t i s f a c t o r y  s u r f a c e  f i n i s h .
2
4 .  For th e s e  m e t a l s ,  f o r  c u r r e n t  d e n s i t i e s  to  a b o u t  300 i / i n  , s u r f a c e  
ro u g h n ess  d e c r e a s e s  a s  th e  c u r r e n t  d e n s i ty  i n c r e a s e s .
5 .  O v e r a l l  p o l i s h i n g  a t  h ig h  c u r r e n t  d e n s i t i e s  can d e t e r i o r a t e  i n t o  
p o l i s h e d  " cu sp in g"  i f  cop ious gas e v o lu t io n  o c c u r s  a t  th e  anode
and  i f  th e  R eyno lds number i s  i n s u f f i c i e n t l y  h ig h  to  wash away th e  ga 
b e fo r e  i t  can  d i s r u p t  th e  i o n  d i f f u s i o n  l a y e r .
6* F o r  n i l d  s t e e l ,  gas e v o lu t i o n  a t  t h e  anode c au ses  p i t t i n g ,
7 .  Copper and  c a s t  i r o n  do n o t  p roduce  a smooth s u r f a c e  f i n i s h  i n
sodium c h lo r i d e ;  a l s o ,  c a s t  i r o n  p a r t i a l l y  p a s s i v a t e s  i n  th e
s o l u t i o n .
So For copper  th e  l i m i t i n g  c u r r e n t  d e n s i ty  f o r  a g iv e n  R eynolds
nu nber  may be  i n c r e a s e d  i f  the  gap v .id th  i s  i n c r e a s e d .
5, A s tu d y  o f  th e  c u r r e n t  d e n s i ty -a n o d o  p o t e n t i a l  curve f o r  a m e ta l  
i n  a n  e l e c t r o l y t e  may be u s e f u l  a s  an  i n d i c a t o r  o f  tl:e  s u i t a b i l i t y  
of t h a t  s o l u t i o n  f o r  the  m e ta l .
C h a n t e r _3
The P o t o n t i o c t a t  a s  a n A id  to  E l e c t r o l y t e  S é l e c t io n
5 .1  Xntrocùi e t  i  on
The r e s u l t s  Trou C h ap te r  L dem on s tra te  t h a t  àOh' so J rw : c h lo r id e
i s  n o t  :e s u i t a o l e  e l e c t r o l y t e  f o r  oAl n o u a i s .
For p a r t i c u l a r  n o t a i s ,  e l e c t r o l y t e  s o lc c u ic n  nas  boon _a l o n a t i c ;  
( l )e . g .  K l e i n e r na s  fo u n d  t h a t  sodium c h lo r id e  i s  s u i t a b l e  f o r  uho
n a c h in in g  o f  n i c k e l  and i r o n  a l l o y s  b u t  n e t  f o r  tu n g s t e n ,  l y
eerpcriixient he has shcvna t h a t  t h i s  n e t a l  a r i l  machine i n  sodium
h y d ro x id e .  A p p ro p r ia te  e l e c t r o l y t e s  I 'or a lu n in ism  and copper a l l o y s
(g e t
a re  s t i l l  b e in g  sought^  " ^
T es ti ly ;  e m p i r i c a l l y  bg'* n a c h in in g  f o r  each  e l e c t r o l y t e  a:a' n e t a l
co u ld  be c o s t l y  and cus.voorsomc. ( l . i t h  th e  fa rm .: :  e :rp c r i: : :o n :: l  ch ine
a b o u t  100 g a l lo n s  o f  each e l e c t r o l y t e  would have to  bo u s e d " . ’
I f  s u r f a c e  f im .s h  i s  th e  c r i t e r i o n  f o r  s u i t a b i l i t y  ah on J a c g u o t '  s
work on e l e c t r o - p o l i s h i n g  su g g e s ts  a p o s s i b l e  method o f  pr.-'codurG.
Ikom c h a r a c t e r i s t i c  c u rv e s  o f c u r r e n t  d e n s i t y ' a g a i n s t  anode p o t e n t i a l
J a c o u e t  d e te rm in e d  w he ther  a m e ta l  would p o l i s h  i n  a u a r t i c u l :  r  s o lu t io n ,  
(  0 "b a rs so n f"  has  a p p l i e d  J a c a u e t ' s  f i n d i n g s  to  th e  p r o f  lorn of e l :  : in  s l y  to  
s e l e c t i o n  i n  Ih C .h .  he  has  su g g e s te d  t h a t  m e ta ls  which c:.n t o  
o l e c t r o p o l i s h e d  i n  u n s t i r r e d  e l e c t r o l y t e s  can be  s a t i s f a c t : r i l y  
m achined u n d e r  hhCfh, c o n d i t i o n s .  I n  th e  l i ^ h t  of i- is  o b s e r v a t io n s ,  
th e  method h as  b e en  f u r t h e r  i n v e s t i g a t e d  f o r  f l o r i n :  s o l u t i o n s .
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R e s u l t s  from p o t o n t i o s t a t  oxpe rira o u t  s u s in g  flowing; e l e c t r o l y t e s  
a re  c i s c u s s c d  i n  r e l a t i o n  to  J a c y u e t ' s  thco jiy  o f  o l e c t r o p o l i s h i n g .  
G orro spo na ina  t e s t s  u n d e r  f .G m l, c o n d i t io n s  o f  c u r r e n t  d e n s i t y  and 
f le w  r a t e  have a l s o  boon p e rfo rm e d . The r e s u l t s  from th e s e  t e s t s  
a r e  d i s c u s s e d  i n  t e r n s  o f  th e  f i n d i n g s  from th e  p o t o n t i c s r a t  work.
3*2 3h:o_orv__^of ^ f lpc rb rcno lis^
f l c c t r o p o l i i i i n g  i s  an  a n o d ic  d i s s o l u t i o n  p ro c è s . . .  I t  can  bo 
a c h ie v e d  b y  w ly ir .g  a c r o s s  th e  e l e c t r o d e s  i n  an  e l e c t r o l y t e  a 
p o t e n t i a l  d i f f e r e n c e ,  which i s  i n c r e a s e d  a t  a  c o n s ta n t  r a t e .
The e l o c t r o p o l i s h i n g  a c t i o n  i s  n o t  y e t  c o n n le te l y  u n d e rs to o d .
f 0's f "• N
ic c o rc l in p  to  J a c p u e t^ ^ '  and raore r e c e n t l y  T e g a r t ^ ^ ^ ' ,  i t  c o n s i s t s  o f:
( i )  "smoothing*' by  th e  rem oval o f  r e l a t i v e l y  l a r g e  s c a le  i r r e g u l a r i t i e s  
(above a b o u t  10 ° i n ) .  T h is  p r o c e s s  i s  i n f lu e n c e d  by  th e  d i f f u s i o n  o f  
r e a c t i o n  p ro d u c ts  from th e  anode s u r f a c e  i n to  th e  b u lk  o f  th e  e l e c r r o l y t e .  
T;ic sm oothing r a t e  i s  f a s - s r  a t  peaks  and olow or a t  v a l l e y s .
Q
( i i )  " b r ig h te n in g "  by th e  rem oval o f  s m a l le r  d e f e c t s  (ab o u t  10 ^ i n , .
T h is  i s  e f f e c t e d  by  a t h i n  s o l i d  f i lm  on th e  anode s u r f a c e  which 
a c c e p ts  c a t io n s  from th e  u o t a l  l a t t i c e  and  r e l e a s e s  thou  a t  i t s  o u te r  
s u r f a c e  to  th e  r e g i o n  o f  r e a c t i o n  p ro d u c ts  so t h a t  a s t a t e  o f e g u i l i b r i u n  
i s  a c h ie v e d .
J a c p u e t  showed t h a t  th e  p l o t  o f  c u r r e n t  densitp^ a g a i n s t  anode 
p o t e n t i a l  h a s  a  c h a r a c t e r i s t i c  sh ao e , i l l u s t r a t e d , i n h F i g . 5*1. For 
anode p o t e n t i a l s  i n  th e  r e g i o n  Ab th e  "sm oothing" p r o c e s s  ta læ s  p la c e
-  p 6
and  th e  r e g io n  n s u a i l y  h a s  an e tc h e d  a p p e a ra n c e ;  a lo n g  EG th e  c u r r e n t  
d e n s i t y  i s  c o n s t a n t .  (The c o n s ta n t  v a lu e  i s  u s u a l l y  te rm ed  " th e  l i m i t i n g  
c u r r e n t  d e n s i ty "  ) .  h  t h i n  i i l r e  i s  fo rm ed  on th e  anode s u r f a c e  w i th  
which i s  a s s o c i a t e d  " h i i g h t e r â i r r h  As th e  p o t e n t i a l  i s  i n c r e a s e d  from 
0 to  1 gas  i s  e v o lv e d  a t  the  anode a t  a r a t e  which i s  g r e a t e r  th e  g r e a t e r  
th e  s lo p e  t h e  c u rv e .  The gas  cw erup ts  th e  b r i g h t e n i n g  a c t i o n  c a u s in g  
p i t t i n g .
P o l a r i s a t i o n  cu rves  o f t h i s  form show t h a t  th e  anodo r e a c t i o n  
i s  d i f f u s i o n  c o n t r o l l e d  and  t h a t  th e  n e t a l  can be p o l i s h e d .
A s tu d y  o f  s u d i  cun-vos f o r  d i f f e r e n t  u o t a l / o l e c t r o l y t o  system s 
sh o u ld  d e te rm in e  tlio anode r e a c t i o n s  and w h e th e r  th e  co m b in a tio n s  a r e  
o c n p a t ib lo  f o r  p o l i s h i n g ,  A p o t e n t i o s t a t  i s  u s u a l l y  u s e d  f o r  th e s e  
s t u d i e s .
5 Ô  The f o t e n t i o s t a t
The p o t e n t i o s t a t  conpa.res th e  p o t e n t i a l  d i f f e r e n c e  be tw een  th e  
working; (o.node) c l e c t r o u o  and a s t a b l e ,  b u r  a d j u s t a b l e ,  r e f e r e n c e  
v o l t a g e .  Any v o l ta g o  d i f f e r e n c e  i s  a m p l i f i e d  and f e d  b a d :  i n t o  th e  
c i r c u i t  a s  a  c o n t r o l l e d  o u tp u t  c u r r e n t  which f lo w s  th ro u g h  th e  e l e c t r o ­
l y t i c  c o l l ,  m in im is in g  th e  e r r o r  s i g n a l ,  and  m a in ta in in g  th e  anode 
p o t e n t i a l  a t  th e  p r e d e te rm in e d  v a lu e .
The u se  of th e  in s t r u m e n t  h a s  b e e n  f u l l y  d e s c r ib e d  by  Crd and
/ y \
B a r t l e t t ^  / i n  t h e i r  r a n o r  on th e  a c t i o n  of u n s t i r r e d  s u lp h u r i c  a c i d
on r ro n ,
many wo r ise rs  have u se d  th e  p o t e n t i o s t a t  to  s tu d y  p a r t i c u l a r  anch.e
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C5"i ■ 9r e a c t i o n s :  . l ig g in s^  ' nos shown t h a t  th e  p o l i s h i n g  o i  n i c k e l  ( a t  l 6 h / i n  )
i n  A t  a c i d  i s  a  i i f i u s i o n  c o n t r o l l e d  r e a c t i o n .  For copper i n
0 -p h o s p n c r ic  e .cxi, h o a r  oai . ho thv ;e ll^  nave o o se rv ed  t h a t  c u r r e n t
d e n s i t y  i n c r e a s e s  v d th  f lo w  r a t e  ( f o r  th e  app rox im ate  ra n g e s  , 9 7 h / in ^
9
to  loh h /in * ” and O .h in / s  to  2 i n / s )  and  have deduced t h a t  such a  r e a c t i o n
i s  d i f f u s i o n  c o n t r o l l e cd.
These c o n s i d e r a t i o n s  i n d i c a t e  t h a t  p o t e n t i o s t a t  s t u d io s  can  h e lp  
i n  de c i  ■ding p r o p e r  n e t a l / e l o c t r o l y t e  comhinahGions f o r  o le  c t r o p o l i  sh in y .  
A lthough  th e  c u r r e n t  d e n s i t i e s  i n  E .G .11 a rc  much g r e a t e r  th a n  th o se  
i n  p c t e n t i o s t a t  worl:, u s e f u l  in f o r m a t io n  c o n ce rn in g  e l e c t r o l y t e  
s u i t f o i l i t y  f o r  E .G .h .  vrurk may he  o b ta in e d  from p o t e n t i o s t a t  s t u d i e s .  
Such eosoeriiments f o r  f lo w in g  e l e c t r o l y t e s  a re  d e s c r ib e d  be low . The 
r e s u l t s  a r e  d i s c u s s e d  i n  r e l a t i o n  to  d e c id in g  s u i t a b l e  met o i / e l e c t r o l y t e  
co m bin a tions  f o r  E .G .11
A u o a ra tu s  
3*4,1  Flow Aystegi
The f lo w  system  i s  i l l u s t r a t e d  s c h e m a t ic a l ly  i n  F i g , 3»2.
A p e r s p e x  f lo w  c e l l ,  shown i n  F i g , 3*3 was u se d .  I t s  d e s ig n  i s  
b a se d  on t h a t  o f  h o a r  and l o t h w e l l  b u t  v i t h  c e r t a i n  m o d i f i c a t io n s ,
A " l i e n  Gres ton"  v a r i a b l e  sr/eed p e r i s t a l t i c  pump cap ab le  o f  
f le w s  up to  9in"^/s was p r e f e r r e d  to  th e  norm al c e n t r i f u g a l  im p e l l e r  
to  a v o id  p o s s i b l e  dot r im e n t  s i  e f f e c t s  due to  a c id s  and  s a l t  s o l u t i o n s .  
The s o l u t i o n  was c i r c u l a t e d  be tw een  th e  e l e c t r o d e s  from a p e rs p e x  
tanlc. f i l l e d  w i th  a b o u t  l / 3  g a l l o n  o f  e l e c t r o l y t e ,  A "R otam eter"
- 5 8 -
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î ‘lo'..'Moter 0:1 tho  o o l i v e r y  l i n o  noo ou red  th.. flovr r r . t o . A thonnoroetGr 
; jro . iu c te d  i n  v.no i n o o r to d  i n  tho  c o l l .
3 » 1- « 2 11 o c t^r û As G
Aho s ta in loG G  G tool ca thode  arh  anodec o f  â i a n o t e r  0,.v3ii''^ were 
s n r f a c e  g ro u n d  w i th  ”Lni.iiG" ^rindln;^; p a p e r  f 'ron ^ rad e  ‘' 320” t o  £;rade 
”6C0". th e y  wore i n c u l a t o d  a lonp  t h e i r  lo n p th o  w i th  ”L a c a n i t ‘' v a r n i c h .  
ih o  o loo trodoG  f i t t e d  i n t o  t r a c e  ouchoG. hhc aGGO:.Aly vrac screw ed  
v e r t i c a l l y  i n t o  oorspc:: n o n n t in y e  i n  th e  f lo w  c h a n o e r .  Ruober s e a l s  
i n  each  n o u n t in , ;  p r e v e n te d  l e a h i n j -
fh e  r e f e r e n c e  e l e c t r o d e  was a  ^ i n  d i a n o t e r  s i l v e r  r o d  c o a te d  
v.àth s i l v e r  c h l o r i d e ,  h h i s  was c o u n te d  i n  a  g l a s s  tuoo^ whic'/. f i t t e d  
c h l i  u e ly  th ro u g h  tho  to p  of th e  c e l l ,  so t h a t  th e  e l e c t r o d e  t i p  was
1 i n  f I 'o c  th e  anode s u r f a c e ./ -L '
na rsson '-  ' has  .onown tw a t  good r e s u l t s  a r e  o o ta rn e o  'wnen tn o  
e l e c t r o d e  yap i s  a o o u t  t o  w in . I n i t i a l  t e s t s  snowed t h a t  c o n s i s t e n t  
r e s u l t s  Y.Twc a c h ie v e d  when th e  e l e c t r o d e  gap ws,s r ; i n  . f h e  e l e c t r o d e s
c o u ld  oe a d j u s t e d  i n  t h e i r  s iounts t o  g ive  t h i s  g ap .
3 A:-. 3 f o t e n t i o s t a t
An ‘i i n e l ” '3 1 3 '  IGA p o t e n t i o s t a t  was u se d ,  fh c  i n s t r u n o n t  a s  
epu ippo d  w i th  a d i a l  f o r  n a n u a l  a l j u s t n e n t  o.j th e  anode p o t e n t i a l  
be tw een  0 and pA* As i t  is l a p e r ta : :u  t h a t  t h i s  d r iv e  r a t e  sh o u ld  be
c o n s t a n t ,  a  c h a in  d r iv e  was f i t t e d  to  th e  d i a l  which gave a u t o n a t i c
n o t e n t i a l  sc a n n in g  a t  a  consto .n t r a t e  o f  230nV/;rino R a te s  o f  t h i s
d1 -
w- (30''r e s u l t s  ! 'o r d e r  have b e e n  shown t o  g iv e  s a t i s f a c t o r y  \_aarsson 
tin a d a p t e r  was added to  th e  p o t e n t i o s t a t  t o  a llovr d i r e c t  p l o t t i n g  on 
a r e c o r d e r ,  o f  th e  anode c u r r e n t  a s  a f u n c t i o n  o f  th o  p o t e n t i a l .
fh e  c o n u le to  sw "jaratus f o r  tho  n o t e n t i o s t a t  work i s  shown in
p . h . h  s o l u t i o n s  and anodes
D i s t i l l e d  w a te r  was u se d  f o r  a l l  s o l u t i o n s ,  h o u r  e l e c t r o l y t e s
have been  i n v e s t i g a t e d :  20\i IhOd ( t o  s tu d y  f u r t h e r  th e  e f f e c t s
r e p o r t e d  i n  th e  p r e v io u s  c h a p t e r ) ,  p j  hC i and 5 -  h^^C, , ( e l e c t r o l y t e s
f r e q u e n t l y  u s e d  i n  c l e c t r o c h e n i c a l  d r i l l i n g )  and h .  h j ? .   ^ ( o r th o
p h o s p h o r ic  a c id ) ( v s i ic h  a t  low  c u r r e n t  d e n s i t i e s  -  A './in '" -  ho.s been
(l-h, \
o b se rv e d  to  g iv e  a good s ' in is l i  w i th  copper ) .
in o d e  m a t e r i a l s  were n i c k e l ,  a lu s in iu ; ; : ,  n in o n ic  73; copper, 
c a s t  i r o n  and  m ild  s t e e l .
5o3* P ro c ed u re
in e  p r e p a r e d  anode sp e c in e n  was n o u n ted  i n  th e  c e l l  and th e  
s o l u t i o n  p o u re d  i n t o  th e  e l e c t r o l y t e  t a r i n  fh e  a p p r o p r i a t e  connec tion  
were th e n  ::ado be tw een  t/ic  e l e c t r o d e s  and th e  p o t e n t i o s t a t .
dhe pu:;:p was s n i t c h e d  on and i t s  sgced  a d j u s t e d  to  g ive  the  
r e q u i r e d  f lo '?  r a t e ,  ho a c h ie v e  a c o n s ta n t  f lo w  r a t e  f s r  a l l  the  
e l e c t r o l y t e s  th_  volus.e f lo w  r a t e  f o r  each  e l e c t r o l y t e  was a d j u s t s :  
to  co n p en sa te  f o r  th e  d i f f e r e n t  d e n s i t i e s .
fh e  i n i t i a l  te : . ;p a re tu re  ana  f le w  r a t e  were th o n  n o t e : ,  th e  
r e c o r d e r  d r iv e ,  tho  p o t o n v ia l  da ivo  f o r  th e  p o t e n t i o s t a t  and th e
-  62  -
c o l l  v o l t a  ,e v:crc G \: i tc lo d  cn on 1 th e  c n n re n t  d o n s i ty -a n o c h  p o t e n t i a l  
curve c l o t t e d .
I t  th e  end ..f each to o t  th e  n o t e n t
'nd th e  c e l l  v o l ta g e  and r e  condo n d r iv e rere o - / i tc h e d  o f f .  t h e  anodo
was th e n  ré n o v e d f o r  e n a io in a t io n .
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5^6 Res u l t s
shows th e  e l i ' e c t s  cs‘ e l e c t r o l y t e  v e l o c i t i e s  f r o r  5 i r / s  on 
th e  p o l a r i s a t i o n  c u rv e s  1 e r  n i l d  s t e e l  i n  5/j 301* To c sn vare  th e s e  r e s u l t s  
v / i th  o t h e r  t y p i c a l  r e s u l t s ,  th e  curve i o r  n i l d  s t e e l  i n  an  u n a s i t a t c d  
s o l u t i o n  o f  s a t u r a t e d  ITaCd i s  in c lu d ed *  ( i r o n  th e  p a p e r  by  G u th b e rtso n
W" p  I “î i  -T \  ^^
V -  ^  j . r 'w f  X  / O
? ig s* p * p  to  t*10  s h c r  t y p i c a l  p o l a r i s a t i o n  cu rves  f o r  th e  n e t a l s ,  
n i l d  s t e e l ,  c a s t  i r o n ,  n i c k e l ,  n in o n ic  75s a ln u i is iu n  and cop 'e r  r e s p e c t iv e ly
i n  tv;o o r  n o re  o f  th e  s o l u t i o n s  2(7j haCd, 5 b y ;  hCu  __
I n  th o s e  f i g u r e s ,  o n ly  th e  e f f e c t s  o f  th e  h i g h e s t  f l c v  r a t e  -  2? i n / s  -  
a re  given*
(R ote ; th e  e l e c t r o l y t e  v e l o c i t i e s  a t  th e  c i a n e t e r  have been  used*
V e lo c i ty ^  where Q i s  th e  o b se rv ed  vo lune  fl.„-v-; r a t e ,  h i s  the
hd
e l e c t r o d e  gap and d th e  e l e c t r o d e  d ia n e te r ) *
5 o 7 Di s c u s s i o n
f o r  n i e t a l / e l e c t r o l y t e  com bina tions  where p l a t e a u  r e g io n s  o c c u r re d  • 
i n d i c a t i n g  t h a t  th e  r e a c t i o n  was d i f f u s i o n  c o n t r o l l e d  and t h a t  th e  
. p a r t i c u l a r  e l e c t r o l y t e  was s u i t a b l e  f o r  hi C hh  -  th e  l i n i t i n p  c u r r e n t  
d e n s i t y  c o u ld  be i n c r e a s e d  by i n c r e a s in g  th e  e l e c t r o l y t e  v e lo c i ty *  
R ig u f .h  shows such b e h a v io u r  f o r  m i l l  s t e e l  i n  f t  hCd- -he in c r e a s e  o f
e l e c t r o l y t e  v e l o c i t y  from 9 i n / s  to  2 / i n / s  i n c r e a s e s  tl:e c u r r e n t  d e n s i ty
0 9
from a b o u t  4*9 A / i n  to  a b o u t  3 * 4 A / in  *
iG u th b e r tso n  and  T u r n e r h a v e  r e c e n t l y  r e p o r t e d  a s i m i l a r  e s h e e t
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fo r  m ild s t e e l  in  saturated NaC-6. At zero flow  rate  they observed 
a lim itin g  current density  of about 1.85A /in  • This i s  in d icated  in  
f i g . 5 .4 . By ra isin g  the flow  rate to 2l\±n/s they increased the ^
o
lim itin g  current density  to about 5*8A/in .
Mild S tee l
shows that p lateau regions occur in  20/i RaC ,^ 5 /  HC& and 
5?S In the la s t  named so lu tion  the lim itin g  current density
i s  comparatively low. These so lu tions w i l l  then be su itab le  fo r  the 
machining of the m etal. As the p o te n tia l i s  increased  above about 2V, 
in  each case the current d en sity  r i s e s .  G-as evolu tion  and surface 
p itt in g  are associa ted  with th is  in crease. 9^hen m ild s t e e l  i s  
electrochem ica lly  machined the anode p o te n tia l i s  u su a lly  above 
from the p o ten tio sta t r e su lts  surface p it t in g  w i l l  tlien be expected.
This e f fe c t  has already been observed fo r  mild s t e e l  machined in  20 / NaCd 
(Chapter 4 ) .
In 5/  the current r is e s  to a peak a t about 0.3V then f a l l s
to nearly zero a t about 1,2V. D isso lu tion  recommences a t about 1.7V.
This i s  evidence of anodic p a ssiv a tio n , which has been discussed in  
Chapter 4  fo r  cast iron  in  2 0 / NaCd. I t  occurs when the normal metal 
d isso lu tio n  process (M= M'*'+ i s  replaced, or curbed, by the onset 
of another reaction  ( e .g .  2 H^ O =0^ + e"). The e ff ic ie n c y  of
the process i s  then reduced.
Thus, from f i g . 3 .5  e f f ic ie n t  machining i s  only p ossib le  to about
0.6V. from about 1*2 to  1*7V complete p a ssiv a tio n  i s  encountered.
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and above 1.7V; p a r t ia l p assiva tion  occurs. Under E.G.U. conditions 
d isso lu tio n  a t a low current e f f ic ie n c y  w il l  be expected.
Cast Iron
li-om P ig .5*  ^ the presence of plateau regions for current density  
for  a l l  four so lu tion s in d ica tes that the metal should machine s a t is -  ' 
f a c to r ily  in  these e le c tr o ly te s . Paradoxically, from Chapter cast 
iron  appears to p a r t ia lly  p assivate  ±n ZOfo KaCd.
Comparison of the p o la r isa tio n  curves for mild s t e e l  (P ig .5*5) 
and cast iron  shows that for  cast iron the lim itin g  current d en sity  
values are lower for each e le c tr o ly te  and that the r is e  in  current 
density  a sso c ia ted  with gas evolution  i s  steeper. Unlilce the m ild  
s t e e l ,  the metal was always covered with a th idc black film  at the 
end of each t e s t .  Increase in  flow rate had no e f f e c t  on removing 
th is  film  or on ra isin g  the current density .
I f  from an electrochem ical viewpoint mild s t e e l  and cast iron  are 
assumed to be pure iron , then anode reactions should be sim ilar . The 
observation that the lim itin g  current density  i s  lower for  east irop  
in  each e le c tr o ly te  in d ica tes that the reactions are not the same, and 
that fo r  th is  metal p a r t ia l p assiva tion  i s  occurring. Thus from P ig .5*  ^
e f f ic ie n t  machining of oast iron  in  e ith er  NaC-& or HCd so lu tions i s  
only p o ssib le  up to about 0.5V. Above th is  p o te n t ia l, p a r t ia l  
p a ssiv a tio n  takes p lace with subsequent lo s s  in  e f f ic ie n c y . Above about 
27, the large slope suggests copious gas evolution  and consequent
I
extreme p it t in g . Low current e f f ic ie n c y  together w ith a p itte d  surface
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f i n i s h  ho. 2 he  on r e p o r t e d  i n  G hnpter h  f o r  c o s t  i r o n  e l e c t r o  c h e n ic n l ly  
n a c l i in e d  i n  2Cf:* noCi*
F ic h e 1
F ip . f a Y  shone a l i m i t i n g  c u r r e n t  d e n s i ty  i n  2CFJ FnCt^ co n firm in g
the  r e s u l t s  r e p o r t e d  i n  Ghupter 4  t h a t  the  s o l u t i o n  i s  s u i t a b l e  f o r
th e  m ach in ing  of n ic k e lo  A p l a t e a u  r e g io n  i s  a l s o  o b ta in e d  i n  p j  hC-o,
i n d i c a t i n g  t h a t  t h i s  i s  a l s o  a s a t i s f a c t o r y  e l e c t r o l y t e *
I n  5/j hgSG, and  54 n^FO. s o l u t i o n s ,  d i s s o l u t i o n  docs n o t  ccmsence a 4- t  4
u n t i l  th e  p o t e n t i a l  i s  above l.pVb ( l i o n  r a t e  had  n e g l i g i b l e  e f f e c t  
on a l t e r i n g  t h i s  v a l u e ) « no l i m i t i n g  c u r r e n t  d e n s i t y  i s  o b ta in ed *  ( ih e  
f i lm  u s u a l l y  o b se rv ed  i n  th e  p re s e n c e  of th e  p o l i s h in g  a c t i o n  vras a b s e n t )  
The s u r f a c e s  o b ta in e d  were d u l l  i n  each t e s t*  D i f f u s i o n  carnsct t h e r e f o r e  
b e  th e  c o n t r o l l i n g  mechanism* Thus, th e  p o t e n t i o s t a t e  r e s u l t s  i n d i c a t e  
t h a t  t h e  e le c t r o c h e m ic a l  m ach in ing  of n i c k e l  i n  th o se  e l e c t r o l y t e s  
sh o u ld  be p o s s i b l e ,  b u t  t h a t  a smooth, b r i g h t  s u r f a c e  may n o t  be 
o b ta in ed *
F im onic  73
F ig * 3*1 shows t h a t  s i m i l a r  r e s u l t s  a re  a l s o  o b ta in e d  f o r  t h i s  m e ta l :
i . e ,  KaCb and HGt s o l u t i o n s  a re  s a t i s f a c t o r y ;  H^SC,^ and  H^Pu^ s o l u t i o n s  
w i l l  g iv e  d i s s o l u t i o n  w i th o u t  p o l i s h in g *
A lum inium
F i g . 3*9 shows t h a t  i n  2C)t FaCi and i n  y.a hCu d i s s o l u t i o n  o c cu rs  
w i th o u t  any d i f f u s i o n  r e a c t i o n .  The f i n i s h e s  o b ta in e d  were smooth and
■ I 1, 7'  . 1 i J «  * I I , .  ,1 ,
i  >.  ^ w. É* L/ ^
iui.iiiiium e le c t r o c h i
2l o n c i t l c s  u_: t o  a b o u t  3CO l / l n  * u c u a v c r  _ t  bl_hv._' co.ri‘c n t  l o n c i t l c  
a cusp c l  p c l l o h o l  f i n l o h  v;ac o b ta ined*  I n i o  o i l c c t  n o t  p r e d i c t e d  
by th e  p o t c n o i c c t a t  r c c u l r c  v n ic b  c im ply  i n d i c a t e  a n o d ic  d i o o c l u t i a n  
i s  p o s s ib le *
‘ ‘ ^  ^  c :  d  I /  c .  r "  " t *  ’b  T  a  , a  ^  v -  ^  - , •
■— ’■-' i *  w  y  "k- — *  t y y \V « . I  \ y  *v‘ S»' O  V — ki. C,r V..M. *k. W  •  ^  _L, V/
Cr* *  -"- Vw**—*— Uf D _ —' ». J&. w^* ? -k* — # S-/ w , O —  'w* S, V JL .  V  «  I I I  »H-m V u
4  'b_  ^ ------- ; . y
CL1.L _ C.L_u o'aluminium can be p o l i s h e d  i f  i  
(above a b o u t  200 i / i n ^ ) *  They su g g e s t  t h a t  i n  .... O dd a n o d ic  p ro d u c ts  
f e r n  a v is c o u s  l a y e r  a t  th e  anc le*  i t  Io n  c u r r e n t  d e n s i t i e s  (hence 
lew  n a c h in in ^  r a t e s )  th e y  show t h : t  io n  u r a n s f s r  r a t e  depends on b c th  
the  i o n  c o n c e n t r a t i o n  and th e  r e s i s t a n c e  of the  s o l u t i o n  to  th e  io n  
o.otion* I f  tho  n o t a i  c r y s t a l  p l a n e s  a t  th e  suofaco  at'C d i f o 'e r c n t ly  
o r i e n t a t e d ,  t h e r e  w i l l  be a v a r i a t i o n  i n  s p e c i f i c  s u r f a c e  e n e r g ie s  an; 
th u s  a v a r i a t i o n  i n  n o t a i  i o n  c o n c e n t r a t io n s  a t  th e  s u r f a c e ,  acn-unot 
n o t a i  d i s s o l u t i o n  sh o u ld  th e n  occu r  caus in g  s u r f a c e  e t c h i i y , ,; t  h ig h  
c u r r e n t  l e n i t i e s  (a n d  h ig h  n a c h in in ^  r a t e s )  tho  i o n  t r a n s f e r  r a t e  i s  
shown to  depend s o l e l y  on t h : s o l u t i o n  r e s i s t a n c e ,  h e t a l  c i a s e l u t i o n
t i l l  th e n  be ob ta ined*
I h i s  would e n c l a i n  th e  t o l i s h i n t  of a lu n in iu u  i n  I t b l  s o l u t i o n .
.O JC U J. J- tU'" bo due to  th e  d i s r u o t i o n  of die t o l i a h i n g  l a y e r
tie a noue
72
i n  5'j E^SGj and  fd' E-FG, no r e a c t i o n  occurred*  T h is  i s  p o s s ib l y  *- '-I- y
due to  the  f o r m a t io n  of a p a s s iv e  ox ide  l a y e r  on t i e  s u r f a c e  c f  th^  
m eta l*  These e l e c t r o l y t e s  w i l l  n o t  bo s u i t a b l e  f o r  m achining*
Coonon
i n c e p t  f o r  34 nCu s o l u t i o n  p l a t e a u  r e g io n s  a r e  o b ta in e d  i n  th e  
p o l a r i s a t i o n  p l o t s  f o r  a l l  th e  s o l u t i o n s  ( U g o ^ d G ) .  The s u r f a c e s  o b ta in :  
were b r i g h t  and  smooth* I n  20;i Fa C l, o l e c t r o c h e n i c a l l y  m achined  copper 
p ro d u ce d  a b r i g h t ,  b u t  g r a n u l a r  f i n i s h  (C h ap te r  4 ) .  The fo rm e r  e f f e c t  
i s  p r e d i c t e d  by  th e  p o t e n t i o s t a t  r e s u l t s ;  th e  g r a n u l a r  f i n i s h  i s  
p o s s i b l y  a r e s u l t  of g r a i n  boundary  a t t a c h  due to  th e  h ig h  c u r r e n t  
d e n s i t y  c o n d i t io n s  c:C E.C4M*
From F ig .p ad O , i t  a p p e a rs  t h a t  e f f i c i e n t  m ach in in g  i n  34 HCl i s  
o n ly  p o s s i b l e  up to  abo u t 0.3V; above t h i s  v o l t a g e ,  p a r t i a l  p a s s i v a t i o n  
occur’S* Thus th e  p o t e n t i o s t a t  r e s u l t s  p r e d i c t  t h a t  s a t i s f a c t o r y  
m ach in ing  i s  n o t  p o s s ib l e  w i th  t h i s  e l e c t r o l y t e .
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5*8 ,1  I n t r o a u c t i o n
P e r  20;0 ITaCO s o l u t i o n  tho  p r e d i c t i o n s  c o n c o rn in r  o l o o t r o l y t e  
s u i t a b i l i t y  i r c n  th e  p o t e n t i o s r u t  e n p e r in e n t s  shon good n g r s e n e n t  
v /ith  th e  r e s u l t s  o f  th e  n n c h in in p  t e s t s  r e p o r t e d  i n  C h ap te r  C-,
To i n v e s t i g a t e  she v a l i d i t y  o i  the  p r e d i c r io n s  f o r  the  o th e r  
s o l u t i o n s ,  f u r t h e r  n u c h in in _  t e s t s  r e r e  c a r r i e i  o u t ,  u s in g  th e  s n a i l  
r i g  sh o rn  i n  P i  g ,5  *11-
5*8 ,2  in n  a m  tu  s
i  p e r s o e n  ta n k  r a s  f i l l e d  w i th  a b o u t  2 g a l l o n s  o f  each e l e c t r o l y t e ,  
i  f i x e d  sp eed  c e n t r i f u g a l  p m p ,  capab le  of f i o n s  up to  S i n ^ / s  rras 
u se d  t o  c i r c u l a t e  th e  s o l u t i o n  be tw een  th e  e l e c t r o d e s  f r e e  the  tarde,
The f lo w  r a t e ,  w hich cou ld  be v a r i e d  by hand  v a lv e ,  was n c a s u re d  w ith  
a "R o tam ete r"  f lo w m ete r  f i t t e d  i n  th e  d e l i v e r y  l i n e ,  e l e c t r o l y t e  
te m p e ra tu re  i n  th e  ta n k  was m easured v.dth a m ercu ry  th erm o m eter ,
Square  e l e c t r o d e s  of s id e  0 , i 5 w e r e  u s e d ,  The aioode was i n s e r t e d  
i n  th e  f lo w  box ( th e  chan ne l o f  which had the  sarse w id th  a s  th e  e l e c t r o d e s )  
The e l e c t r o d e  was s e c u re d  by  a screw on th^  copper b u s b a r ,  i  s t a i n l e s s  
s t e e l  ca thode  was th e n  p l a c e d  i n  p o s i t i o n .  The e l e c t r o d e  gap co u ld  
be v a r i e d  by  a d ju s tm e n t  o f  th e  cathode p o s i t i o n .  The movement o f th e  
c a th o d e ,  and hence th e  gap Trldth, were m easured w i th  a c lo c k  gauge.
The e l e c t r o d e s  were f i x e d  d u r in g  m achining:. The gap th u s  i n c r e a s e d  
w ith  ms.chining; t im e .
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Current was kept constant by adjustment of a variac in  c ir c u it  
with a 5OA r e c t i f i e r .  Current and voltage were measured ivith a 
25A ammeter and 20Y voltm eter respectively*  Machining times were taken 
Yrith a stop watch.
5 . 8*3 P r o cedure
The e le c tr o ly te  was poured in to  the tank. A weighed anode was 
f i t t e d  in to  the flow  box, and the cathode p o s it io n  adjusted for  a gap 
of 0.030  in . The pump was switched on, and the valves adjusted to 
give a flow  rate of 7 in ^ /s . (As with the procedure fo r  the p o te n tio sta t  
( 3 . 3 ) the volume flow  rate for each e le c tr o ly te  was adjusted to  
compensate for the d ifferen t d e n s it ie s ) . The e le c tr o ly te  temperature 
was noted. The power was then switched on, and the variac adjusted - 
to give lOA. During machining the valves were ad ju sted .to  maintain 
a constant flow  ra te . A fter 3 m in., the current and pump were svriLtched 
o ff  and the anode removed for examination and re weighing.
The procedure v/as repeated for  each metal and e le c tr o ly te .
3 , 8 .4  R esults
Tables 3 ,1 , 3*2, 3*3 show the comparison*of the p o te n tio sta t r e su lts  
and p red ic tio n s, and the r e su lts  of the machining t e s t s  for  the above 
m etals in  th e  (resp ectiv e) so lu tio n s , ^  HC-d, 3/2 ^  H^ PO^ -
3*8 .5  D iscussion
With the exception of copper and aluminium^tables 3*1, 3*2 and 3*3 
confirm that when the p o ten tio sta t r e su lts  show a d iffu sio n  reaction
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with no p a ss iv a tio n , in  the corresponding machining a good surface
f in is h  and a high current e f f ic ie n c y  are achieved.
For copper in  ^  the p o te n tio sta t r e su lts  in d ica te  that
s a t is fa c to r y  machining i s  p o ss ib le . Y/hilst a current e f f ic ie n c y
of lOCÇS and a bright f in is h  were obtained, the surface was deeply
grooved ( c . f .  the granular texture fo r  copper in  20^ NaC-6- -  Chapter 4)*
The e f f e c t  i s  p o ss ib ly  due to a combination of E.C.K. conditions and
the ch a ra c te r is tic s  o f  the m etal. I t  i s  probably caused by lo c a l
conductiv ity  v a r ia tio n s along the e lectrod e surface. There i s  no
apparent reason though why th is  should only occur fo r  copper.
For th is  m etal in  ^  HC-ô the p o ten tio sta t r e su lts  in d ica te  p a r t ia l
p a ss iv a tio n  above about 0.8V. Under machining conditions complete
p a ssiv a tio n  i s  obtained: i t  was not p o ssib le  to  machine a t current
2
d en sitie s  from 10 to and vo ltages from 5 to  20V.
For combinations where p a r t ia l  p a ssiv a tio n  i s  obtained in  the
p o te n tio s ta t  work, the corresponding machining produces a non-bright 
f in is h  and a low current e f f ic ie n c y  ( e .g .  45^ fo r  cast ir o n ) .
For groups where the reaction  i s  not esta b lish ed  ( e .g .  n ick e l in  
^2^0^) a grey matt f in is h  and interm ediate current e f f ic ie n c y  
( e .g .  about 66% -  Ni in  HgSO )^ are gen era lly  obtained.
(Note; from Table 5*3 fo r  n ick e l in  5^ H^O^ the surface f in is h  i s  
b r ig h t. There i s  no apparent reason for th is ;  parad oxica lly , a dull
grey f in is h  i s  produced w ith Nimonio 73 (which contains about 72^ N i))
-  3 0  “
i n  3k nC i i:: tno  o:;Gü_;"icn<> -LLthougn tn c  re:: c t i o n  i s  
n o t  o s tn b l is h o c .  i n  t i e  p o t e n t i o e t e t  e r p e r i n e n t s ,  n h ig h  c u r r e n t  
e i i i c i e n c y  (5Q5) i s  n c n io v e i ,  T ie  e i i s c t  nay  be duo to  the  a f f i n i t y  
c f  c h lo r in e  f o r  o lu n in iu n  d i s c u s s e d  i n  C h ap te r
For a lu n i n i u n  i n  y -  h^SO, and y t  n^PG, no' r e a c t i o n  o c c u r r e d  i n(C. -I- y 4-
e i t h e r  th e  p o t e n t i o s t a t  o r  th_ h .G h h  e n p e r in e n ts o  C onplo te  
p a s s i v a t i o n  cau ses  t h i s  e f f e c t *  I t  nay  he due t o  th e  f c r e a t i o n  o f  
a p a s s iv e  o ::ids s h in  on th_  n a t a l ' s  s u r f a c e  i n  th e s e  s o l u t i o n s ,
/  o  1 \
( s e e ,  1 e r  onanpac , i . .c l lo r  ^
y ,9 ' Concl u s i o n s
1 ,  P o t e n t i o s t a t  s t u d i e s  f o r  f l o u i n j  e l e c t r o l y t e s  g iv e  a pood
cs to  be o b ta in e d  u n s e r  1 * 0 ,1 ,  c o n d i t i o n s ,
*1 —1 # » * t * *  “ " j  f ,  » I » I ^ I— *a a o r t a  on ana r e s u l t s  s r o n  o n a p te r  n ,  one fclj-onany
s a t i s f a c t o r y  n o t a l / o l o c t r o l y t o  c o n b in a t ic n s  have coon e s t a b l i s h e d
^ i . e ,  h ia n  c u r r e n t  e i 'f a c io n c y  an a  ycoa  s u r r a  co r i m s n ; ;  P i le ,  s u e e i ,
n ich o lp  y h n o n ic  75 i n  y . ICd^ coooor i n  ÿh :1.P0, ,1 u-
y ,  l a c h in i n ) ,  n i t h  the  f o l l c n i i y :  c a l c i n a t i o n s  i s  a l s o  p o s s i b l e ,  
i t h  l e s s  s a t i s f a c t o r y  r e s u l t s  ( i . e .  l o v e r  c u r r e n t  e f f i c i e n c yD1
\
n i l d  s t e e l ,  n i  loo 1 ,  h in o n ic  /y i n  ÿ f :f ^ od , ana  yy :f;.Pv,
C ast i r o n  p a r t i a l l y  p a s s i v a t e s  i n  2 1 f  naCG, yh HG-G, 5 i  rlSC,_
rp, y  no ^
J Ik
5o The d i s s o l u t i o n  os' a lu n in iu u  i n  20,3 ’I C I ,  y.t ICO, y l  H^SC,
5,3 n^?0, i s  n o t  d i f f u s i o n  c o n t r o l l e d ,  Hovrever, th e  n o t a i  can  b;
T  4
.ch ined  a t  h in n  c u r r e n t  e f f i c i e n c y  i n  201 l a
-  82 -
Chapter 6 
Some Aspects of the Forming Pro cess
6 ,1  Introduction
In electrochem ical forming, the anode tends to  assume the inverse  
shape of the cathode. For a given cathode feed  rate and in ter -e lec tro d e  
gap, i t  i s  necessary to know the time of machining required to  produce 
a given shape.
A th eo iy  i s  developed helovf for  a cathode with a s in g le  step , 
based on the w ell known simple a n a lysis  described by E leiner^^), 
Foertmeyer^^^), Bayer^^^^ and Tipton^^^^, in  which i t  i s  assumed 
that ( i )  an Ohm* s Law re la tio n sh ip  app lies across the gap and ( i i )  
current tra v e ls  only normally between the e lec tro d es . This g ives the 
height of step formed on an i n i t i a l l y  f l a t  anode as a function  of machining 
time, cathode feed  rate and minimum gap v/idth. The concept of the 
equilibrium  gap i s  introduced, and the general theory i s  applied fo r  
a case where the i n i t i a l  minimum gap i s  equal to the equilibrium  gap.
Using cathodes with steps o f 0.028 in  and 0.125 in , experiments 
have been carried  out to t e s t  the section s of the theory which deal 
with shaping. For a f l a t  cathode, the theory of the equilibrium  gap 
has been te s te d . The eq u ipoten tia l d istr ib u tio n  between the e lectrod es  
has a lso  been in v estig a ted  using electrode models on conducting paper.
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o n c i j .c r  a  c^ th o àc  ha v izi- a  c to a  oh h c h h z t  c zvitz. an  h n o u la to d  sO  k J  L.4.__ »  I.V %w/C*
no oho’m i n  h o t  tho  i n i t i a l  {;an v .n lth  ho h^ co tn o o n  the
i n i t i a l l y  f l a t  ano lo  s u r f a c e  th e  s u r f a c e  Ch o f  tho  cathodo
i n  i t s  p o s i t i o n  i f  t o r  t i n e  t^,: suoyoce f i a t  th e  oafiodo  has
a a v a n o o l ,  a t  r a t e  u to  p o s i t i o n  hfOD^ and  t h a t  th e  anode s u r f a c e  i s  
th e n  d e f in e d  h y  ? \ ,h i .  L e t ’ th e  pap h o tn o o n  CD and  hS he h^ and l o t  th e  
s te p  p ro d u ce d  on th e  anodo ho o f  h o ip h t  s .
I f  lOOh c u r r e n t  e f f i c i e n c y  i s  a s  su re  d^ tho  r a t e  o f  chanpc o f  ps,p 
r e l a t i v e  to  tho  t o o l  s u r f a c e  i s  p iv o n  f r o n  fa raday*  s Lan:
.^1 -  „ rr 1 \
d t  fp   ^ J
r i ic r e  h = c h e n ic a l  e y u i v a l e n t  (g )  c f  tho  anolo^  f  -  fa ra c a y ^  s C c n s ta n t (C ) ,
p = anode d e n s i ty  (p / in ^ ) ; ,  Ü = ca thode fo o d  r a t e  ( i n / s )   ^ i  = c u r r e n t
a e n s x ty  ( .- /an
\
?hssu ia ina  no J o u le  h e a t in g ,  and  no hydrogen  e f f e c t ; ,  ( se e  C hap te r  7) 
Crsa* 3 half g iv e s ;
i  -  (7  -  Yp)i:
r.here V = a p p l i e d  S'-olfige;, Yq = d e c c n p o s i t io n  v o l ta g e  ( a s s u r e d  c o n s ta n t )  ^
_ _ - i
1 -  c o n d u c t iv i t y  ( q “ i n  “ )  ^ h  -  gap r r id th  ( i n )
h :  -  *- 0 ( - o )
C
v.herae .1 -  L(Y - 7 o ) f  , a n  o n e ra t in r :  u a r a n e t o r  n h ic h  i s  d e to r n in e d  
-P
-  83 “ ■
th e  e l e c t r o l y t e  c o n d u c t iv i t y  th e  anode d i a r a c t e r i s t i e s  and. th e  a p p l i e d  
v o l t a g e .
I f  th o  c u r r e n t  t r a v e l s  o n ly  n o rm a lly  b e tw een  th e  e l e c t r o d e s
( i . e .  no s t r a y  c u r r e n t  e f f e c t s ) ,  th e  t im e  t a k e n  f o r  th e  gap be tw een
!
s u r f a c e s  CD and  113 to  grow from ho to  h ,  (an d  f o r  th e  gap betvreren 
liB and  P I  t o  grow from  (hg+c) t o  (h + o -s )  i s
rh
t  = I hdli
i  P - m
O
1+ 0 - 8
> 0
h dig 
3-Uh
Case 1: he ro  ca thode  f e e d  r a t e ,  W=0
( 6 . 4 ) becomes
( 6 . 4 )
•h
hdli 1+ 0 - 8
/ho4o
h dh
r
(S .5 )
1 /, 2 , 2v 1
(h  -ho  ) = -gp (h + c - s )^ - ( h o + c ) ^ (6*6)
I t  f o l lo w s  t h a t
h  = ho + 2 p t
and  s^ -2 s(h+ c)+ 2 c(h -h (^ )  = 0
o r  s = (h + G )+ ^ |^ (h + c )^ - (2 h c -2 h o c )  ^
( ( h o h 2 i 3 t ) 4 o  -  I | ( h o + c ) h 2 |3 t  :
(6 .7 )
(6 .8 )
(6 .9 )
o n ly  th e  n e g a t iv e  s ig n  b e in g  a p p l i c a b l e  h e re
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S o l u t i on o f  ( 6 , 9 ) f o r  l a r g e  t  
( 6 . 3 ) can be  r n r i t t c n
s = / 2 , t r ( i .
2f>t /  / 2 ( 3 t  \  2;3t /  ,
Ihq^anding f o r  l a r g o  v a lu e s  o f  t  g iv e s :
 ^ f  n 2Iln+C 1
~ 2(2[3t)i J . ( 6 . 1 0 )
i . e .  f o r  l a r g e  t ,  s a p p ro a d io s  c.
Gas e 2: C o n s ta n t  ca thode  f e e d  r a t e ,  U 
Pi’om th e  f i r s t  i n t e g r a l  o f  e q u a t io n  ( 6 . 4 ):
t  = i [ ( h , - h ) +  (6 .1 1 )
T h is  i s  o f  th e  fo rm  t  = h + A + B-Sn (h-D) which i s  s o lv a b le  f o r  h 
f o r  s p e c i f i e d  A,B,D, and  t*  A m ethod f o r  s o l u t i o n  i s  o u t l i n e d  i n  
Appendix 2 .
A ls o ,  from ( 6 . 4 ) :
The t im e s  t  i n  ( 6 . I I )  and  (6 .1 2  a re  th e  same, so:
(h — hg y + P " Dh /  /  p + TJs -  Uc -  TJh \
"  ( — « J -  y - „ o - T O . o " " )
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i . e .  s = ^■enf (P + Us -  ïïc -  tfh) (p -  DhoX)
^ I  (p -  Uo -  Uho) (p -  Uh) J (6.13)
This i s  o f the form s = PtoQ (K -s), and i s  solvable fo r  s for  
sp ec ifie d  P>Q,H, where Q and R involve h, which i s  given by (6 .1 1 ) ,  
Equilibrium Gap
Per a constant feed  rate U, a.nd voltage V, the gap h tends to an 
equilibrium  value he given by
h a  = %  ( 6 . 14 )
This fo llow s from equation ( 6 ,3 ) î 
fo r  > U, and fo r  i n i t i a l  cond itions,
i s  +ve, ( A _ h ) < 0
dt ^
h then in creases asym ptotically  to a value which corresponds to dli _ ^
dt '
i . e .  hg = ^
S im ilar ly , fo r  ^ h  decreases asym ptotically  to  the va lu e, hg = %
Prom (6 . 11) ,  he only achieved a fte r  an in f in i t e  time; in  e f f e c t ,
h values near he can be obtained a fte r  f in i t e  tim es.
Spécial case ( l ) :  h-^he a fte r  short time t
In many ap p lica tion s o f the p rocess, values of Ü and ho are 
chosen such th a t h approaches t  a fte r  a very short time t .
In th is  case l e t  h -  rhe (whereT) l )  and l e t  hg = mhe(m>r ) ,
Then fo r  required t ,  from (6 .I I )
— 88 —
he
[  ( a - r )  + 6 a  (  ) ]  (6 .1 5 )
Thus from d e f in e d  t ,  h g , m and  r> t h e  r e q u i r e d  U can be fo u n d .
S p e c ia l  case  ( 2 ) :  h^ ;>> hg
' I n  o th e r  u s e s ,  th e  i n i t i a l  gap hg i s  much g r e a t e r  th a n  th e  
e q u i l ib r iu m  gap he*
I n  t h i s  c a s e ,  from ( 6 .1 1 ) :
= -ôn
1 -  ho“C. 
ho-hg
■ ( « )  -  i
f o r  th e  c o n d i t io n  h ^  (h o ) :
/  hg -hA  /  ho“h \
/  h “hq/ /  hg -he  J  
( 6 .1 1 )  th e n  b e c o m e s : .
t  = (ho-h) + h@(h^Eh;
(6 .1 8 )
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i . e .  tho  gap v/iclth _h, i n i t i a l l y  v a r i e s ,  l i n e a r l y  v / i th  t im e  t .
Thus f o r  g iv e n  U, Ii q , and  h g ,  th e  ap p ro x im a te  tim e  f o r  h -^hg  can
bo estim ;
Toto: f o r  h '+ h e ,  tho  term  ' /  j3. -  IHig \  '
T------ z;— ->dncoVP -  Uh
••• ' V
T h is  can be  v r r i t to n :
r9
(h - he) = (ho - ho)e"'^^Vs (6 .20)
Thus h->hg o n ly  a f t e r  l a r g e  t*
S p e c ia l  Case ( l ) :  G-an, ho , c o n s ta n t  d u r in g  m ach in in g
I n  t h i s  case  ho = hg = ^  ( 6 . 2 l )
E x p re s s io n  f o r  s ,  f o r  c o n s ta n t  hg
I n  e q u a t io n  ( 6 . 4 ) ,  u s in g  ( 6 ,2 1 ) :
, +C-8
t  = °  h ah
i h „ «
Thus f o r  g iv e n  c ,  s can be foun d  i n  te rm s o f  t<
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6 .3  A p p a ra tu s
The p e r s p e x  j i g  shown i n  P i g . 2 .1  was a g a in  u s e d  w i th  tlie Barmax 
m achine . The m ild  s t e e l  anodes  and  b r a s s  c a th o d e s  were o f  s id e  1 i n .
Three  c a th o d e s  were u se d .  One was f l a t ;  th e  o t h e r  two h ad  v e r t i c a l  
s t e p s  o f  0 .0 3 0  i n  a n d  0 .1 2 5  i n .  r e s p e c t i v e l y  h a lfw a y  a lo n g  t h e i r  l e n g t h s .
To red u ce  s id e  c u r r e n t  t r a v e l  th e  e l e c t r o d e s  were i n s u l a t e d  a lo n g  t la e i r  
v e r t i c a l  s i d e s  w i th  v a r n i s h .
f o r  th e  e x p e r im e n ts  v /ith  s t a t i o n a r y  c a th o d e s ,  a  20/o NaC-d e l e c t r o l y t e  
was u se d .  Por c o n s ta n t  gap m ach in ing  t e s t s ,  th e  s o l u t i o n  was changed 
t o  8 /  iTaC-d. The o n ly  s i g n i f i c a n t  e f f e c t  o f  t h i s  we alee r  s o l u t i o n  i s  a
lo w e rin g  o f  th e  c o n d u c t iv i t y  (from  0 .1 9 5 0  ^cm ^ f o r  2 0 /  NaCd to  0*1050
f o r  8 /  ïïaCd a t  18 °C ).
Thus w i th  th e  same power su p p ly  which has a f i x e d  v o l t a g e / c u r r e n t  
c h a r a c t e r i s t i c ,  th e  e l e c t r o d e  gap can be re d u c e d .
6 .4  ■ E x p e r im e n ta l  T ec h n ique and  P ro c ed u re
6 . 4 .1  T e s t s  w i th  s t a t i o n a r y  ca th o d es  (IT = O)
( a )  I n i t i a l  gap vd-dth -  d e te r m in a t io n ;  ■ th e  i n i t i a l  gap w id th ,  of O.O3O i n . ,  
was s e t  by:
( i )  w ind ing  down th e  ca thode  u n t i l  i t  to u ch e d  th e  anod e .
( i i )  n o t in g  th e  r e a d in g  on a c lo c k  gauge which r e g i s t e r e d  th e  t r a v e l  o f
th e  c a th o d e .
( i i i )  w ind ing  b ack  th e  ca thode O.O3O i n .
(b )  dap iTidth h ,  and s t e p  h e ig h t  . S; See P i g . 6*1. The h e ad  v/as wound
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down u n t il  CD touched RS, The d ifferen ce in  the gauge readings p lus ho 
gave the f in a l  gap v.ddth, h.
The f in a l  gap vfidth between AB and PQ, h^, v/as given by h  ^= h+o-s.
The s t e p  Slw as found  by  ta k in g  th e  av e rag e  d i f f e r e n c e  i n  anode h e ig h t s  
PU and  ST, m easured  a t  s e v e r a l  p l a c e s  a lo n g  th e  l e n g t h  w i th  a  m ic ro m e te r .
Procedure
The gap w id th  was s e t  a s  above and th e  e l e c t r o l y t e  c i r c u l a t e d  
b e tw een  th e  e l e c t r o d e s .  To re d u c e  t h e  e f f e c t s  o f  t e m p e ra tu re  and h yd rog en  
on c o n d u c t iv i t y  ( s e e  C hap te r  7 )  a h ig h  volume f lo w  r a t e  (6 0 in ^  s ) , ( s e e  
C h ap te r  2) was u se d ,  f o r  such c o n d i t io n s  th e  Ohm’ s Law was assumed v a l i d  
( f q n . 6 . 2 ) .  The e l e c t r o l y t e  te m p e ra tu re  a t  i n l e t  v;as m easu red  w i th  a 
m ercury  therm om eter .
A c o n s ta n t  v o l ta g e  was a p p l i e d  a c ro ss ,  th e  e l e c t r o d e s .  The m ach in ing  
t im e  t  Yfas m easu red  w i th  a  s to p  w a tch . At th e  end o f  each  t e s t  th e  
v o l ta g e  and  f lo w  were c u t  o f f ,  and  th e  gap vfid ths h and h^f and  s te p  
h e ig h t s  s m easu red .
The p ro c e d u re  was r e p e a t e d  f o r  d i f f e r e n t  m ach in ing  t im e s  and f o r  
each  c a th o d e .  -
6 . 4 .2  Tests iTith constant gap (hn) and feed  rate ( u)
The m odified Barmax control system (described in  Appendix l )  was 
used to  maintain a constant minimum gap hg during machining. The controls 
were adjusted so that th is  gap was a tta in ed  almost immediately a fte r  the 
s ta r t  of machining.
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D e te rm in a t io n  o f  f e e d  r a t e  U, f i n a l  gap h , s te p  s
The av e rag e  f e e d  r a t e  U was fo un d  by  d iv id in g  th e  d i f f e r e n c e  i n  
f i n a l  and i n i t i a l  d o  ole gauge r e a d in g s  by  th e  tim e  o f  m ach in in g .
The s te p  s and  gap were foun d  a s  above (h^ = h^ + c -  sq s in c e  
ho = h ) .
P ro c ed u re
A p ro c e d u re  s i m i l a r  to  ( 6 .4*1) was u se d ,  e x c e p t  f o r  th e  m ain tenance  
o f  th e  c o n s ta n t  gap ho d u r in g  m ac h in in g .  Vfith t h e  ca thode  i n  i t s  
upperm ost p o s i t i o n  th e  pump and  v o l ta g e  were s w itc h e d  on. The ca thode  
was made to  descen d  a t  a  f a s t  app ro ach  speed  ( -^ in /s )  u n t i l  th e  p r e - s e t  
gap ho was a c h ie v e d .  A t t l i i s  s t a g e  th e  s to p  vratch was s t a r t e d .
At th e  end of each  e x p e r im e n t  th e  ca thode  was h a l t e d .  The pump 
and v o l ta g e  were t h e n  s w itc h e d  o f f .  The gap ho vms checked . A f t e r  
rem oval o f  th e  specim en th e  s t e p  h e ig h t  s was m easu red .
The p ro c e d u re  was a g a in  r e p e a t e d  f o r  d i f f e r e n t  m a d i in in g  t im e s  and 
f o r  each  c a th o d e .
6 .5  R e s u l t s
T ab le  6 .1  g i v e s ,  - fo r  f i x e d  ca th o d es  w i th  s t e p s  o f  0 .028  i n  and  0 .1 2 5  i n  
and  f o r  i n i t i a l  gaps o f ,0 .0 1 0  t o  0 .030  i n  th e  m ach in ing  t im e s  r e q u i r e d  
f o r  th e  anode s te p  s to  app roach  0 . 9c (from  e q u a t io n  6 . 1 0 ) .  f o r  th e s e  
t im e s ,  th e  e x a c t  s t e p  s i s e  ( c a l c u l a t e d  from e q u a t io n  6 . 9 ) a r e  t a b u l a t e d .
f i g . 6 .2  shows f o r  th e  f i x e d ,  0 . 028*i n .  s te p p e d  c a th o d e ,  and  f o r  an  
i n i t i a l  gap of O.03O i n . ,  th e  com parison  o f  th e  t h e o r e t i c a l  and  e x p e r im e n ta l
anode s t e p s  a s  f u n c t i o n s  o f  m achining  t im e .
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C hç t  ^exaot
( i ï i . )  ( i ï^ O  ( " = ° '9 ° lp p r o x .  (i«-)
0.028 0.040 1270 0.0195
0 .0 3 0  840 .0195
.0 2 0  500 0 .0196
0 .1 2 5  0 .0 4 0  4560 0 .0878
.0 3 0  3720 0 .088 0
,020 2960 0 ,088
Table 6 .1 : Dependence of machining time fo r  s -»0.9o on i n i t i a l  gap
vâdth and cathode step s iz e .  (For these tim es, the exact 
8 va lu es, ca lcu la ted  from equation 6 .9  are a lso  g iven ).
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P ig .o ô  shows, fo r  a f l a t  cathode with a f ix e d  feed  rate of 
8.8  X 10 ^ in /s , and fo r  i n i t i a l  gap vri.dths of 0 ,030, 0,060 and 0,098 in ,  
the subsequent gap widths as functions of machining tim e. The th e o re tic a l  
re la tio n sh ip s -  gap vâdth a t the s ta r t  of machining, as a lin e a r  function  
of time (equation 6 . 19 ) and f in a l  equilibrium  gap ?fidth -  are a lso  
in d ica ted .
In P ig ,6 .4 ,  fo r  plane p a r a lle l  e lectro d es , are compared the th e o re tic a l  
(from eqn,6 , l 6 ) and experimental dependences of cathode feed  rate on the 
equilibrium  gap, fo r  gaps from 0.010  in  to O.O3O in .
P ig s .6 ,5  and 6 ,6  g iv e , fo r  the 0,028 in  and 0,123 in  stepped  
cathodes re sp ec tiv e ly , the comparison of the th eoretica l, (from eqn.6 . 22) 
and observed anode steps as functions of machining time and minimum 
equilibrium  gap.
P ig ,6 ,7  shows the i n i t i a l  eq u ipoten tia l d is tr ib u tio n  between the 
0,028 in  stepped cathode and a f l a t  anode fo r  minimum equilibrium  gaps 
ranging from 0,010  in . to in*
P ig .6,8  g ives the eq u ipoten tia l d istr ib u tio n  between the 0,028 in .  
stepped cathode and the anode, the la t t e r  having step s of 0,014  in . and 
0.028 in . The equilibrium  gaps Iiq are 0,010 in . and 0 ,014 in .  
r e sp e c t iv e ly .
(Note: four 1 f t ,  long brass p la te s  were constructed so that Vnen
p la ted  on conducting paper they simulated the e lectrod es in  th e ir  
machining p o s it io n s . A sca le of 1 in  = 0,014 in . was used. This allowed  
the p lo tt in g  of eq u ip oten tia ls fo r  d istances of 0.17 in , on e ith er  side
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of the  cathode s t e p .  -The red u c ed  p l o t s  i n  F i g s . 6 .7  and  6 .8  i n d i c a t e  th e  
e q u i p o t e n t i a l  f o r  d i s t a n c e s  o f 0 .040  i n  and  0 .070  i n  on e i t h e r  s id e  of 
th e  l i n e  o f  cathode s t e p .  Beyond th e s e  l i m i t s  t h e  e q u i p o t e n t i a l s  were 
p a r a l l e l ) .
6 .6  D is cu s s io n
- From T able  6 , 1 , f o r  a f i x e d  c a th o d e ,  th e  m ach in ing  tim e r e q u i r e d  
to  a c h ie v e  a g iv e n  s te p  d e c r e a s e s  s h a r p ly  as  t h e  i n i t i a l  gap i s  d e c re a se d .  
For the  0 , 1 2 h i n  s te p p e d  ca thode  th e  time f o r  s -»0 .9o  would be v e ry  lo n g  -  
4560s. The m achin ing  t im e s  c a l c u l a t e d  f o r  s ->0 .9c  i n  e q u a t io n  (6 .1 0 )  were 
s u b s t i t u t e d  i n  e q u a t io n  ( 6 . 9 ) to  c a l c u l a t e  q . The f o u r t h  column shows 
t h a t  th e  e x a c t  v a lu e s  f o r  s a re  s m a l le r  (ab o u t  0 , 7 ^ ) .
F i g . 6 .2  shows good agreem ent be tw een  e^ îperim en ta l a n d  t h e o r e t i c a l  
anode s te p  v a lu e s  a s  f u n c t i o n s  o f  m achin ing  t im e ,  how ever, sha rp  edges 
on the  form ed s te p  were n o t  o b ta in e d .  The p r o f i l e  o f  th e  s te p  became 
l e s s  d i s t i n c t  a s  th e  m ach in ing  tim e  (and  hence gap w id th )  i n c r e a s e d .
T h is  was p o s s i b l y  due t o  a s id e  c u r r e n t  f lo w  e f f e c t ,  n o t  a c c o u n te d  f o r  
i n  th e  t h e o r y .  I t  i s  d i s c u s s e d  more f u l l y  be low .
These o b s e r v a t io n s  i n d i c a t e  t h a t  to  redu ce  th e  machiniz:.; t im e  and 
to  i n c r e a s e  the  d e f i n i t i o n  o f  th e  form ed s te p  gap ''^contro l in  arming 
i s  n e c e s s a r y .
E xperim en ts  to  t e s t  th e  t h e o r y  o f  th e  e q u i l ib r iu m  gap were th e n  
p e rfo rm e d . F i g . 6 .5  shows t h a t  f o r  a f l a t  ca thode  descen d in g  a t  a c o n s ta n t  
f e e d  r a t e ,  and f o r  th e  d i f f e r e n t  i n i t i a l  g a p s ,  th e  f i n a l  gap a lw ays ten d s
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t o  a l i m i t i n g  e q u i l ib r iu m  v a lu e .  The r e s u l t s  a l s o  show t h a t  the  n e a r e r  
th e  i n i t i a l  gap vd,dth i s  to  th e  e q u i l ib r iu m  v a lu e ,  th e  s h o r t e r  i s  th e  
tim e r e q u i r e d  t o  a c h ie v e  i t .  The e x p e r im e n ts  a l s o  p ro v e  t h a t  e q u a t io n  
(6 . 1 9 ) i s  v a l i d ;  i . e .  f o r  h o f ,h e ,  th e  su b seq u en t  gap i n i t i a l l y  v a r i e s  
l i n e a r l y  w i th  t im e .
These o b s e r v a t io n s  were th e n  u se d  to  i n v e s t i g a t e  th e  r e l a t i o n s h i p  
be tw een  f e e d  r a t e  and  e q u i l ib r iu m  gap . The r e s u l t s  a r e  shown i n  F i g , 6 .4 :  
f o r  a f i x e d  a p p l i e d  v o l ta g e  and f o r  a  ran g e  o f  e q u i l i b r iu m  g a p s ,  (O,QIC i n  
to  0 .0 3 3  i n )  th e  f e e d  r a t e  v a r i e s  i n v e r s e l y  w ith  th e  gap . There i s  good 
ag reem en t be tw een  th e o r y  a n d  e x p e r im e n t .
F o r  such g ap s ,  fo rm in g  t e s t s  were done w ith  th e  0 .028  i n .  and 0 .1 2 5 in , 
s te p p e d  c a th o d e s .  The r e s u l t s ,  i n  F i g s . 6 .3  and 6 . 6 ,  show good ag reem ent 
w i th  th e o ry :  th e  l a r ^ .e r  gaps r e q u i r e  a  lo n g e r  m ach in ing  tim e  to  a c h ie v e
a r e q u i r e d  s te p  on th e  anode . I n  a d d i t i o n  th e  d e f i n i t i o n  o f  th e  s t e p s ,  
w h i le  more d i s t i n c t  t h a n  th o se  o b t a in e d  f o r  th e  f i x e d  cathode t e s t s ,  
s t i l l  l e s s  w e l l  d e f in e d  a t  th e  l a r g e r  gaps ( e . g .  f o r  th e  0 .0 4 3 in . gap , 
th e  s te p  was d e f in e d  over an  anode l e n g th  o f  a b o u t  0 . 1 3 in . w h i l s t  f o r  th e
0 .01 0  i n .  g ap , i t  was d e f in e d  over  a l e n g t h  of a b o u t  O.O6 O i n . ) .
These e f f e c t s  were i n v e s t i g a t e d  u s in g  b r a s s  model e l e c t r o d e s  p la c e d  
on co n d u c tin g  p a p e r .
From th e  e q u i p o t e n t i a l  p l o t s  a t  th e  s t a r t  o f m ach in ing  ( i . e .  f l a t  
a n o d e ) shown i n  F i g . 6 .7  th e s e  o b s e rv a t io n s  can be made:
( i )  p a r a l l e l  e q u i p o t e n t i a l s  a r e  o b ta in e d  o n ly  i n  r e g io n s  av.ay from th e  
ca thode  s te p  r e g i o n .
— 1 0 4  “
( î i )  i n  t h i s  a r e a  th e  e q u i p o t e n t i a l s  t r a n s c e n d  n o t  s h a r p ly  h u t  
g r a d u a l ly  from th e  s m a l l e r  gap ho to  th e  l a r g e r  gap h^^ •
( i i i )  a s  th e  gap i s  i n c r e a s e d  th e  t r a n s i t i o n  l i n e s  from gap hg to  gap 
a r e  more g radu a l*
( i v )  f o r  t h i s  i n c r e a s e  i n  gap th e  e q u i p o t e n t i a l s  become p a r a l l e l  a t  
p o i n t s  f u r t h e r  away from th e  cathode s te p  r e g i o n  (co m p ariso n  
o f  s i m i l a r  e q u i p o t e n t i a l s  f o r  gaps o f  0 .010  i n .  and  0 .0 1 4  i n .  
makes t h i s  o l e a r )•
These r e s u l t s  can b e  a p p l i e d  to  th e  e x p e r im e n ts  on fo rm ing :
( i )  f o r  r e g io n s  where th e  e q u i p o t e n t i a l s  a r e  p a r a l l e l  t o  th e  ca thode  
s u r f a c e ,  t h e r e  wi?'.l be a n  even  c u r r e n t  d e n s i t y  d i s t r i b u t i o n .
Even m ach in ing  w i l l  ta k e  p l a c e  over sucJi r e g i o n s .
( i i )  i n  th e  e q u i p o t e n t i a l  t r a n s i t i o n  r e g i o n  from th e  s m a l l e r  gap ho 
to  Hie l a r g e r  gap ho^ th e  l o c a l  c u r r e n t  d e n s i t y  w i l l  d e c re a se  
g r a d u a l ly  from  th e  h ig h e r  v a lu e  a t  gap ho t o  th e  s m a l le r  v a lu e
a t  gap ho • Thus th e  anode s te p  w a l l  be sm oo th ly  and n o t  s h a r p ly  
d e f in e d .
( i i i )  a s  the  gap i s  i n c r e a s e d ,  t h e r e  v d l l  be a more g ra d u a l  change i n  
c u r r e n t  d e n s i t y .  The s te p  p r o f i l e  ^.vill t h e n  be  more g r a d u a l ly  
d e f in e d  a t  l a r g e r  g a p s .
( i v )  f o r  th e  l a r g e r  g a p s ,  th e  s te p  p r o f i l e  w i l l  be d e f in e d  o ve r  a  
l a r g e r  e l e c t r o d e  l e n g t h .
However, a c t u a l  m easurem ents o f  such l e n g t h s  from  th e  e q u i p o t e n t i a l
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p l o t s  i s  d i f f i c u l t .  To do t h i s  r e q u i r e s  knowledge of th e  shape of th e  
anode a s  m ach in ing  p r o g r e s s e s .
The p l o t s  i n  F i g . 6 .8  were drawn to'simulate t y p i c a l  c o n d i t io n s  d u r in g  
m ach in in g . Even f o r  i d e a l  anode s t e p s  w ith  sh arp  e d g e s ,  smooth 
e q u i p o t e n t i a l  cu rv es  a r e  s t i l l  o b ta in e d .  Thus i n  p r a c t i c e  th e  anode 
s te p  w i l l  n o t  be s h a r p ly  d e f in e d .
Comparison o f  similar^ e q u i p o t e n t i a l s  from ( i )  and  ( i i i )  shovfs t h a t  
f o r  th e  l a t t e r ,  th e  e q u i p o t e n t i a l s  become p a r a l l e l  t o  the  e l e c t r o d e  
s u r f a c e  a t  f u r t h e r  d i s t a n c e s  on e i t h e r  s id e  o f  th e  ca thode  s te p  l i n e .  
T h is  a g a in  i n d i c a t e s  t h a t  f o r  l a r g e r  gap s , th e  anode s te p  i s  d e f in e d  
o v e r  a w id e r  e l e c t r o d e  l e n g t h ,  and  i t s  p r o f i l e  i s  more g r a d u a l ly  
d e f in e d  th a n  f o r  s m a l le r  g a p s ,
6 .7  C o nc lu s ion s
1 .  I n  fo rm in g ,  gap c o n t r o l  i s  n e c e s s a r y  t o  re d u c e  m achin ing  tim e 
and to  improve the  d e f i n i t i o n  of th e  anode shape .
2 .  The s m a l le r  th e  c o n t r o l l e d  gap , th e  b e t t e r  i s  tlie  d e f i n i t i o n  
o f  th e  anode p r o f i l e .  .
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Chapter 7
The e f f e c t s  on fo rm ing  o f  te m p e ra tu re  and  hy d rogen  -  t h e o r e t i c a l
c o n s id e r a t io n s
7*1 I n t r o d u c t i o n
Two p r i n c i p a l  f a c t o r s  a f f e c t  th e  fo rm ing  p r o c e s s  -  e l e c t r o l y t e  
h e a t i n g  and h y d ro gen  e v o lu t i o n .
The fo rm er  e f f e c t  i s  caused  by  th e  c u r r e n t  a s  i t  c r o s s e s  th e  gap .
The te m p e ra tu re  i n c r e a s e  r a i s e s  th e  e l e c t r o l y t e  c o n d u c t iv i t y  and hence  
r a i s e s  th e  m e ta l  rem oval r a t e .  L o ca l  m achin ing  r a t e  i n c r e a s e s  i n  th e  
d i r e c t i o n  o f  f lo w .  Thus a  c o n f i g u r a t i o n  o f  p l a n e ,  i n i t i a l l y  p a r a l l e l  
e l e c t r o d e s  \7i l l  become wedge shaped .
An o p p o s i te  e f f e c t  i s  cau sed  by  th e  hydrogen  e v o lv e d  a t  th e  c a th o d e .  
The gas r e d u c e s  th e  c o n d u c t iv i t y  and  hence th e  m achin ing  r a t e .  Due to  
th e  e l e c t r o l y t e  f lo w ,  th e  volume o f  hydrogen  i n c r e a s e s  tow ards th e  f lo w  
e x i t .  The l o c a l  m ach in ing  r a t e  t lien  d e c re a s e s  a lon g  th e  e l e c t r o d e  l e n g t h  
d e v e lo p in g  a wedge p r o f i l e  i n  a n  o p p o s i te  d i r e c t i o n  to  t h a t  caused  by  
t e m p e r a tu r e .
The m agnitude  o f  each e f f e c t  i s  a n a ly s e d  s e p e r a t e l y ,  i n  te rm s  o f  f lo w  
r a t e  an d  p o t e n t i a l  g r a d i e n t .  The v a r i a t i o n  i n  e l e c t r o d e  p r o f i l e  a lo n g  
th e  e l e c t r o d e  l e n g t h  i s  c a l c u l a t e d ;  a l s o ,  th e  m ach in in g  tim e r e q u i r e d  
to  a ch iev e  s t e a d y  s t a t e  c o n d i t i o n s  i s  e s t im a te d .
7 .2  The e f f e c t  o f  te m p e ra tu re
The c u r r e n t  c ro s s in g  th e  gap cau ses  th e  e l e c t r o l y t e  te m p e ra tu re  t o
r i s e .  The te m p e ra tu re  i n c r e a s e  a lo n g  the  e l e c t r o d e  l e n g t h ,  can be
dx
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c a l c u l a t e d  from J o u l e ' s  Law, i f  i t  assum ed t h a t  a l l  th e  h e a t  rem ains 
i n  th e  e l e c t r o l y t e  and  t h a t  no o t h e r  f a c t o r s  i n c r e a s e  th e  t e m p e ra tu re .  
Assuming a l s o  Ohm's Law, th e  te m p e ra tu re  r i s e  i s
®  _ K (V -  Vo)^
where K, V, b ,  v have b e e n  p r e v i o u s ly  d e f in e d ,  p © = e l e c t r o l y t e  d e n s i t y
(g/m-6), C i s  th e  e l e c t r o l y t e  s p e c i f i c  h e a t  ( 0( T^) .
U sing  th e  same a s su m p t io n s ,  s i m i l a r  e x p r e s s io n s  have been  deduced  
b y  T ip to n ^ ^ ^ )  an d  by M e ro h a n t^ ^ ^ '.
T h is  te m p e ra tu re  r i s e  w i l l  cause the  g ap , c o n d u c t iv i t y  and v e l o c i t y  
to  v a ry  a lo n g  th e  e l e c t r o d e  l e n g t h .  Eqn. ( 7 . I )  sh o u ld  th u s  be w r i t t e n
^ ( x ) ^  K  ( x )  ( V  -  Y p f  ■
^  h^(% )P e 0 v ( x )
where IC(x), h ( x ) ,  v (x )  a re  th e  l o c a l  c o n d u c t iv i t y ,  gap v /id th  and  
v e l o c i t y  a t  p o i n t  x  a long  th e  e l e c t r o d e  l e n g t h .
The e l e c t r o d e  p r o f i l e s ,  i n i t i a l l y  and  a f t e r  m ach in ing  tim e  t  a re  
i n d i c a t e d  i n  F i g s . 7 . 1 .
7 . 2 . 2 . M achining tim e  r e q u i r e d  t o  a c h ie v e  e o u i l i b r iu m
The f i n a l  e l e c t r o d e  p r o f i l e s  w i l l  be s i m i l a r  to  th o s e  shovrn i n  
F i g . 7 .2 .  I n  t h i s  f i g u r e  th e  y  a x i s  g iv e s  th e  d e v i a t i o n  o f  the  p r o f i l e  
a t  tim e t  from  th e  i n i t i a l  p r o f i l e ,  f o r  any  x a lo n g  th e  e l e c t r o d e  l e n g t h .
To f i n d  th e  m achin ing  tim e  r e q u i r e d  t o  a c h ie v e  th e  f i n a l  p r o f i l e ,  
suppose t h a t  th e  system  can be r e p r e s e n te d  by a  f i r s t  o r d e r  d i f f e r e n t i a l  
e q u a t io n :
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r “I l  + y -  7 f  (7 '3 )
Y/here r  i s  th e  t im e  c o n s ta n t  f o r  th e  system  and. y f  i s  th e  f i n a l  
d e v ia t io n  a t  th e  p o i n t  x*
The s o l u t i o n  to  e q u a t io n  (7*3) i s
y  = y f  ( 1  -  e - V r )  ( 7 . 4 )
where t = y p / /
a s q  ' ■
The g e n e r a l  shape o f  th e  curve f o r  e q u a t io n  ( 7 .4 )  i s  shown i n  lh g .7*3 *
7 . 2 . 3 . C a l c u l a t i o n  o f  y-p(x) S c u i l ib r iu m  c o n d i t io n
The s t e a d y  s t a t e  vm.ll he  a c h ie v e d  when t h e r e  i s  no f u r t h e r  v a r i a t i o n  
i n  gap a lo n g  th e  e l e c t r o d e  l e n g t h .  The l o c a l  macjaiiiing r a t e s  w a l l  t h e n  
he c o n s t a n t ,  a s  w i l l  th e  l o c a l  c u r r e n t  d e n s i ty  and  th e  e l e c t r o l y t e  
v o l m c  flQvr
f o r  th e  l a s t  named c o n d i t io n ,  th e  v e l o c i t y  v (x )  i s
y (x )  = ( 7 .6 )
vile r e  Vg, ho a r e  t h e  e l e c t r o l y t e  v e l o c i t y  and gap v /id th  r e s p e c t i v e l y  a t  
f lo w  e n t r y  and  a r e  c o n s t a n t .
I f  th e  ca thode  descends v e r t i c a l l y  "with f e e d  r a t e  U, th e  s te a d y  
s t a t e  gap (from  C hap ter  6) i s  g iv e n  hy:
h ( . )  = a . 7 )
FpU
where q i s  th e  anode m a t e r i a l  d e n s i t y .
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The c u r r e n t  d e n s i t y  i s  a l s o  c o n s ta n t  a lo n g  th e  e l e c t r o d e  le n g th :  
i ( x )  = (V -  Vo)K(x)
----------- —--------  iq  (7*S)
n ( x ;   ^ ^
The te m p e ra tu re  r i s e ,  g  w i l l  a l s o  th e n  he c o n s t a n t .  U sing  (7 * 8 ) ,  dT
dx dx
becomes:
i  = ■ >■ -
The te m p e ra tu re  d i f f e r e n c e  be tw een  th e  t e m p e r a tu r e ,  T, a t  x ,  
and  th e  i n i t i a l  t e m p e r a tu re ,  T q ,  can be ^ v r i t te n
AT = T -  To (7.10)
.  . A t  -  f ( V  -  Vo)^Ko''
( 7 .1 1 )
X
-  B% ( 7 '1 2 )
(S in c e  a t  x  = 0 , T = 0 th e  c o n s ta n t  o f i n t e g r a t i o n  i s  z e r o ) .
I f  th e  c o n d u c t iv i t y  ÏC(x) i s  assumed to  v a ry  l i n e a r l y  'with 
te m p e ra tu re ;
K ( x )  = K o ( l  -i-a a t )  (7 .1 3 )
= Kq(1 +a t e )  (7 .1 4 )
where a i s  th e  te m p e ra tu re  c o e f f i c i e n t  f o r  c o n d u c t iv i t y .
Now h(i:) = K(x) (V -  Vq)
 i ( x ) — ~ ( 7 . 1 5 )
I l l  -
= (V -  Vo) Ko
 7—■-------- (1 -I- a B X )
l o
= ho (1 B x )  (7 .1 6 )
.% from  f i g . ( 7 .2 )
yp (x) = h (x )  -  ho ( 7 . 1 7 )
= B x
= (V -  Vo)^KoX
PgO Vo^o
7 . 2 . 4 . C a lc u l a t i o n  o f  ) -  I n i t i a l  S t a t e
(7.18)
I f  i n i t i a l l y ,  t h e  e l e c t r o d e  s u r f a c e s  a r e  p a r a l l e l ,  th e n  y  = 0.
A t any t im e ,  t ,  we have
y (x )  = h ( x )  -  ho ( 7 . 1 9 )
from Ô hap tef  b ,  th e  f a t e  o f  change o f  gap i s
^)-(^) = S i ( ^ )  -  Ü (7 . 20)
d t  f  p
.% U sing ( 7 . 1 9 ) and  (7 .2 0 )  th e  i n i t i a l  r a t e  o f  change o f  y ( x ) , f d^r(x)^
4=0
may he  v r r i t t e n :
j f x ( x ) \  _ _d. (h(x) -  h ) ( 7 . 21) '
Vdt )  ~  a t t--o
t =0
“ ^  ( ^ ( ^ )  ” ^ o ) t ~0 ( 7 . 22 )
1 1 2  -
The work o f  T ip to n ^ ^^ ^  i s  o f  u se  i n  f i n d in g  an  e x p r e s s io n  f o r  (i(x))_^_Q
He s u g g e s t s  t h a t  s in c e  t h a t  a t  th e  s t a r t  o f  m ach in ing  th e  gap h as  a 
c o n s ta n t  v a lu e  Hq a t  x=0, th e  v e l o c i t y  vd .ll  a l s o  he c o n s t a n t ,  E c n . ( 7 .2 )  
may th e n  he v n r i t te n :
^  = K(y-) (V -  Vq) ^
^  ho^P@Gvo
Assuming a l s o  t h a t  (7 -1 3 )  a p p l i e s  and t h a t
I
he o b t a i n s  th e  e x p re s s io n
—  ( a t ) -  BKo T = BKo
f o r  th e  hound ary  c o n d i t io n s  A T = 0 when x = 0 th e  s o l u t i o n  i s  A T =
I
^ a  B KqX Ie  j
s in c e  th e  c u r r e n t  d e n s i t y  i s  i ( x )  = (V -  Vg) I{(x)
1
a
h-o
U sing  ( 7 . 1 3 ) and  th e  e x p r e s s io n  f o r  ( A t )  g iv e s  
i ( x )  = (V -  Vq)Kq a BKgX
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F y  17 .24 )
r  (x )  can a l s o  bo fo un d  from ( 7 .3 )  u s in g  ( 7 .1 8 )  and  ( 7 . 24) .
The s o l u t i o n ,  ecu n , ( 7 .4 )  can th u s  be v / r i t i e n :
-  ghnB X t ____
y (x )  = a hgBx ^  “ e - fd 2 .( l“ e ^  ) ^  ( 7 . 23)
where ir, =■ ko(^^ "  ^^o) 
ho
Thus f o r  g iv e n  v a lu e s  o f  th e  v a r i a b l e s  y (x )  can  be  fo u n d  a s  a f u n c t i o n  
o f  t im e •
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7 . 2 . G T h e o r e t i c a l  C a lc u la t io n s
The e f f e c t s  o f  te m p e ra tu re  have b e en  c a l c u l a t e d  f o r  an  8/^ NaCd 
e l e c t r o l y t e  a t  i n i t i a l  te m p e ra tu re  18^0 f lo w in g  b e tw ee n  1 i n  sq u are  
e l e c t r o d e s  ( t h e  anode b e in g  o f  m i ld  s t e e l )  and  f o r  gap w id th s  and
e l e c t r o l y t e  v e l o c i t i e s  i n  th e  ra n g e s  0*010 to  0*040 i n  and 200 i n / s
to  2 0 0 0 i r / s  r e s p e c t iv e ly *
( f o r  each  gap th e  maximum v e l o c i t y  h a s  b e en  e s t im a t e d  f o r  a pump 
p r e s s u r e ,  p ,  o f  250 l b / i n  , from  th e  r e l a t i o n s h i p s
P = Pp + P2
where i s  th e  p r e s s u r e  r e q u i r e d  to  overcome i n e r t i a ,  and  P2 i s  th e
p r e s s u r e  to  overcome v i s c o u s  f o r c e s ,
f o r  t u r b u l e n t  f lo w  a lo n g  r e c t a n g u l a r  c h a n n e ls  o f  th ic lo n ess  h ,  
may be w r i t t e n
V2
and  P2 = B la t e u s )
4hRe  ^^
where Re = 2vh
V
and L i s  th e  e l e c t r o d e  l e n g t h )
(The f u l l  d a ta  u se d  a re  g iv e n  i n  Appendix 4 )  •
f i g , 7*4 shows th e  dependence o f  the  e q u i l ib r iu m  te m p e ra tu re  g r a d i e n t  
(7*7) on e l e c t r o l y t e  v e l o c i t y  a n d  gap w id th  .
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E le  c t r o l y t e  
v e l o c i t y
( in /s )
D is ta n c e ,  x 
a long  
e l e c t r o d e  
l e n g th
( i n )  0 .1  0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1 .0
230
Gap v a r i a t i o n
p a ra m e te r  *09 .18 .28 *37 *47 *38 .66  *73 *83 .9  
yf(%)
( x l0 “^ in )
Time f o r
y ( x ) = 0 .9 y f ( x )  g g j  592.5 59 2 5 9L 590 580 589 588 587.5  
t ( s )
( t =  2 S i)
350
X 0 .1  0 .2  0 .3  .4  .5  .6  .7  .8  .9  1 .0  
.06  .12  .18  .2 5  .31  .3 7  .4 4  .50  .56  .62
( . ( x  lO'J) 
t ( s )
( y ( x ) = 0 .9 y f ( x ) )  m  593.5 593 592.5592 5^.559L.3 590 590 5 8 9 .9  
(T=  258)
460
X 0 .1  0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  O.9  1 .0  
y f (x )  .0 4  .0 9  .1 4  .18 .2 3  .28  .3 3  .3 7  .4 2  .4 7
(^1^258) 594 593.9 593.5 593 5928 592.5 592 5 ^  3 ^  591
580
X 0 .1  0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1 .0  
, ^"£^7 .0 3  .0 7  .1 1  .1 5  .1 8  .2 2  .2 6  .3 0  .3 4  .3 7
(xlO’ ^ i n /  
t  (s^
( C= 258 ) 594 594 5937 593 593 592 .9 5^5  5S23  592 591.8
T ab le  7 .1 :  G-ap v a r i a t i o n  p a ra m e te r  J f ( x )  a s  a f u n c t i o n  o f  e l e c t r o d e
d i s t a n c e  x , and  e l e c t r o l y t e  v e l o c i t y  v ,  f o r  a gap of 0 ,040  in ,  
Time r e q u i r e d  f o r  y (x )  to  ap p ro ach  0 ,9 y f ( x )
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bo R e s t r a i n t  on 
yp (x = l  i n  ) y p (x = l  i i ) ( i n / s )
t
( 3)
0 .0 3 0 .3  X 10"^ .0003 690 592
(r=  23s )
.020 .2  X 10"^ .0002 1230 333
( r  = 1 4 5 )
.010 .1  X 10 ^ .0001 6000 36
( 7* = 16 )
T ab le  7 .2 :  E f f e c t  o f gap w id th  on e l e c t r o l y t e  v e l o c i t y  and tim e
r e q u i r e d  to  a c h ie v e  l^o a c c u ra c y  on y f ( x ) ,  f o r  x = 1 in ,
— 1 1  8  —
(i%)
R e s t r a i n  on 
y f  (x )  (x = l  in) A ccuracy v e l o c i t yV
( i n / s )
t
(3 }
0 .0 4 0 .2  X 10"^ 5^ 230 387 
(r  = 235)
.030 .1 5  X 10"^ 310 329 
( r  = 143)
.020 .1  X 10 460 143 
( r  = 63)
.010 .0 5  X 10"^ 1830 36
(r  = 16)
.040 .03 X 10"^ 2?iî 350 390 
(r  = 236)
.030 .06  X 10"^ 460 330
(r = 14A.)
.020 .0 4  X 10"^ 1160 147 
(r = 64)
.010 .02  X 10“^ 3700 36
( = 16 )
,
T able  7*3: Dependence o f  a c c u ra c y  o f  r e s t r a i n t i m p o s e d  on y p (x )  and 
m ach in ing  tim e r e q u i r e d  upon e l e c t r o l y t e  v e l o c i t y ,  f o r  
gaps from 0 .040  to  0 .010  i n .
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T able  7 ,1  shows f o r  hQ= O.O4O i n  the  v a r i a t i o n  o f  th e  gap p a ra m e te r  
y (x )  w i th  e l e c t r o l y t e  v e l o c i t y  v and d i s ta n c e  % a lo n g  th e  e l e c t r o d e  
l e n g t h .  The m achin ing  t im es  r e q u i r e d  f o r  e q u i l ib r iu m  c o n d i t io n s  to  be 
app roached  ( i . e .  y (x )  = 0 * 9 y f (x ) )  a r e  a l s o  i n d i c a t e d .  These have b e en  
c a l c u l a t e d  from (7 .1 9 )?  (u s in g  (7*28) to  c a l c u l a t e  th e  t im e  c o n s ta n t  r ) ,
A mean v a lu e  f o r  r  h a s  b een  u sed  ( a l th o u g h  th e  f a c t o r  o n ly  v a r i e s  by  I s  
f o r  X ra n g in g  from 0 ,1  i n  to  1 i n ) .
T ab le s  7 .2  and  7 .3  g ive  f o r  some o r  a l l  o f  th e  gaps h^ = 0 .040  
to  0 .0 1 0 , and  f o r  x = 1 in^ the  e l e c t r o l y t e  v e l o c i t i e s  r e q u i r e d  to  
m a in ta in  an  a c c u ra c y ,  y p (x )  < 0 .01  h o ,  and yp(x)- < 0 .0 2  ho , 0 . 0 5 ho 
r e s p e c t i v e l y .
The m achin ing  t im e s  f o r  y ( x ) “> 0 .9 y p ( x )  a re  also- g iv e n .
7 . 2 .7  D is c u s s io n
F i g . 7*4 shows t h a t  f o r  each  of th e  gaps th e  te m p e ra tu re  r i s e  i s  
sm a ll  and  w i l l  n o t  cause e l e c t r o l y t e  b o i l i n g .
The te m p e ra tu re  i n c r e a s e  w i l l  s t i l l  a f f e c t  t h e  e l e c t r o l y t e  
c o n d u c t iv i ty .  The gap Vidll th e n  v a ry  from i t s  e q u i l ib r iu m  v a lu e .
The m agnitude  o f  t h i s  v a r i a t i o n  i s  g iv e n  by  (7 .2 2 )
y p (x )  = h ^a  Bx
Note t h a t  B in v o lv e s  v ( 7 . 7 ) .  I f  an  a r b i t r a r y  r e s t r a i n t  i s  imposed on 
y p ( x ) ,  i . e .  th e  e l e c t r o d e  gap v a lu e  must n o t  v a ry  by  more th a n  a f i x e d  
amount, say  Ifô^ from i t s  e q u i l ib r iu m  v a lu e  ho th e n  th e  e l e c t r o l y t e  v e l o c i t y  
r e q u i r e d  f o r  t h i s  c o n d i t io n  can be c a l c u l a t e d  from ( 7 .2 2 ) .
1 2 0  -
O b v io u s ly ,  and from (7 * 2 2 ) ,  t h i s  e f f e c t  i s  a c h ie v e d  more q u ic k ly  
f o r  lovr X v a lu e s  ( i . e .  a t  th e  upstream  end of the  e l e c t r o d e  l e n g t h )  
th a n  f o r  h ig h  x  v a lu e s .
These e f f e c t s  have b een  i n v e s t i g a t e d  f o r  a  gap h^ = O.OkOin.
The r e s u l t s  a re  g iv e n  i n  T a b le s  7*1 to  7 * 3 ‘
For th e  gap to  v a ry  by  o n ly  1% o r  l e s s ,  r e q u i r e s
yp(x) <0*4 X 10 ^in.
T able  7*1 shows t h a t  a v e l o c i t y  v = 230 i n / s  b r in g s  y p (x )  w i th in  
the  ran g e  f o r  x = 0 .1  to  0 * 4 i u .  For t h e  whole l e n g th  (x  = 1 i n )  a  
v e l o c i t y  o f  3^0 i n / s  i s  r e q u i r e d .  The app rox im ate  m achin ing  tim e 
r e q u i r e d  i s  392 s).
C l e a r ly ,  e q u i l ib r iu m  i s  n o t  a c h ie v e d  u n t i l  th e  y p (x )  v a lu e  f o r  
th e  l a r g e s t  x  ( i . e .  x  = 1 i n )  i s  below th e  im posed l i m i t .  For th e  gaps 
hp = 0 .0 3 0  to  0 .0 1 0 i n ,  t a b l e  7*2 g iv e s  th e  v e l o c i t i e s  r e q u i r e d  f o r
y^ (x  = 1 i n )  < 0 .0 1  hp
and th e  m achin ing  t im e s  r e q u i r e d .
From th e  t a b l e  ' th e  o b s e r v a t io n s  a re  made t h a t ;
( i )  a s  th e  gap i s  d e c re a s e d ,  h ig h e r  v e l o c i t i e s  a r e  r e q u i r e d  t o  a c h ie v e  
th e  r e s t r a i n t  on y p ( x ) .
( i i )  f o r  th e s e  v e l o c i t i e s  th e  m achining  tim e f o r  e q u i l ib r iu m  d e c re a se s  
F o r  th e  gap hp = 0 .0 10  i n ,  th e  r e q u i r e d  v e l o c i t y ,  v = 6OOO i n / s  i s
g r e a t e r  th a n  p o s s i b l e  f o r  a  pump p r e s s u r e  o f  230 l b / i n  . Thus an
-  1 2 1  -
a c c u ra c y  o f  1 /  i s  n o t  o b ta in a b le *
T ab le  7 -3  shows t h a t  f o r  th e s e  c o n d i t io n s  a 2 /  a c c u ra c y  i s  n o t  
p o s s i b l e ,  b u t  t h a t  an  a c c u ra c y  o f  3 /  i s  a t t a i n a b l e .
Comparison o f  th e  r e s u l t s  from T ab les  7 -2  and 7*3 a l s o  shows t h a t  
i f  th e  a c c u ra c y  r e q u i r e d  f o r  th e  gap i s  lo w e re d ,  a  lo w er  e l e c t r o l y t e  
v e l o c i t y  and a s m a l le r  m ach in ing  tim e a re  r e q u i r e d  to  a c h ie v e  i t .
7 . 2 .  C on c lu s io ns
1 .  For an  8 /  NaC6 s o l u t i o n  f lo w in g  a t  v e l o c i t i e s  ra n g in g  from 200
to  1830 i n / s  be tw een  1 i n  squ a re  e l e c t r o d e s  w i th  i n i t i a l  gaps o f  O.O4O 
t o  0 .010  i n ,  th e  e q u i l ib r iu m  te m p e ra tu re  i n c r e a s e  a lo n g  th e  gap i s  sm a l l .
2 . I f  a r e s t r a i n t  i s  im posed on th e  amount by which th e  gap may in c r e a s e  
a lo n g  th e  e l e c t r o d e  l e n g t h ,  th e n  th e  e l e c t r o l y t e  v e l o c i t y  r e q u i r e d  to
achieve  i t  i n c r e a s e s  a s  th e  i n i t i a l  gap i s  d e c re a s e d ,  how ever, a s  the  
v e l o c i t y  i s  i n c r e a s e d ,  th e  m achin ing  tim e i s  d e c re a s e d .
3 . For any  gap hp , i f  th e  a c c u ra c y  r e q u i r e d  i s  lo w e re d ,  a low er 
v e l o c i t y  and  a s m a l le r  m ach in ing  tim e a re  r e q u i r e d  to  a c h ie v e  i t .
“  1 2 2  —
7*3 The e f f e c t  o f  hydrogen
Suppose t h a t  th e  p l a n e ,  i n i t i a l l y  p a r a l l e l  e l e c t r o d e s  have w id th  h 
and l e n g t h  and  t h a t  th e  e l e c t r o l y t e  a t  te m p e ra tu re  Tp, f lo w s  betw een 
th e  e l e c t r o d e s  w i th  c o n s ta n t  volume f low  r a t e  Q. F o r  a c o n s ta n t  
v o l ta g e  V, and  c o n s ta n t  cathode f e e d  r a t e  U, suppose t h a t  m achin ing  
commences when th e  gap i s  i n i t i a l l y  hp . Assume a l s o  t h a t  hp i s  th e  
e q u i l ib r iu m  gap f o r  a system  u n d i s tu r b e d  by h y d ro gen .
The i n i t i a l  configuration i s  shown in  F ig .7*5- The wedge-shaped
p r o f ile s  caused by the hydrogen are shown in  F ig .7 .6 -
In F ig .7 -3 , for any point x along the electrode length , the y ax is
gives the deviation  of the anode p r o file  from the i n i t i a l  p r o f i le .
As i n  7 . 2 ,  f o r  an  Ohmic r e l a t i o n s h i p  a t  p o i n t  x  we have;
i ( x )  = IC(x) (V -  Vo)
h (x '
/ y
(7 . 26)
Kennedy'  has done some c a l c u l a t i o n s  on th e  p r e s s u r e  change a lo ng
th e  gap due to  hyd rogen . From h i s  a n a l y s i s  and  from the  e q u a t io n  g iv en
(35)by De La Rue and T obias^  (se e  below ( 7 .2 7 ) )  he has  d e r iv e d  an 
e x p r e s s io n  f o r  th e  change i n  c o n d u c t iv i ty  a long  th e  e l e c t r o d e  l e n g t h .  
The method o f  u s in g  th e  r e s u l t s  o f  De La Rue and  T o b ia s  has a g a in  been  
employed. However, i n  t h i s  e x p re s s io n  th e  term  in v o lv in g  p r e s s u r e  has  
o n ly  a second  o r d e r  e f f e c t  on c o n d u c t iv i ty .  Thus i n s t e a d  o f  u s in g  a 
complex e x p r e s s io n  f o r  p r e s s u r e  i n  t h i s  te rm , an  average  e q u iv a le n t  
q u a n t i t y  h a s  been  s u b s t i t u t e d .  T h is  in v o lv e s  o n ly  s t a n d a r d  te m p e ra tu re
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/
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a n l  p r e s s u r e  v a lu e s .
{ 35')
From th e  v;ork o f  De La Rue and  T obias^  \  ÏC(x) can be e x p re s s e d  
as  a f u n c t i o n  o f  th e  r a t i o  f ( x ) ,  o f  h y i r c a e n  volume r a t e  to  th e  
e l e c t r o l y t e  volume flov : r a t e  C:
K(x) = Ko (1 -  (7 .2 7 )
Kq b e in g  the  c o n d u c t iv i ty  a t  f lo w  e n t r y ,  
f ( x )  = Vjj(x)
7 . 3.2 D e te rm in a t io n  of f ( x )
I n  F i g . 7 .5 ,  c o n s id e r  th e  e lem en t dx^ o f  d e p th  h (x )  and w id th  b ( e l e c t r c  
w id th ) .  C u r re n t  p ro d u ced  a t  the  e lem ent = i ( x )  cb-:b (7*28) 
where i ( x )  i s  th e  c u r r e n t  d e n s i t y  a t  x  ■
/’X
. .  t o t a l  c u r r e n t  p ro d u ce d  from x  = 0 to  x  = x ,  = i ( x ) b d x
0
. .  t o t a l  m a s s /s  o f gaS p ro d u ced  =
~
Vr r ^
' i ( x ) ' b d x  ( 7 . 30)
0
v;here 3^  ^ i s  th e  chem ica l e q u iv a le n t  (g) f o r  hyd-rogen^
.^xlsc, from th e  Gas Law
p (x )  Vjr (x )  = m (l:..).,,3 . ( 7 . 31 )
\7
where p ( x ) ,  % ( x ) ^  m (x ) ,  l ( x )  a re  th e  p r e s s u r e ,  volume and  mass
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p r o d u c t io n  r a t e s ,  and  te m p e ra tu re  a t  th e  p o i n t  x ,  R i s  th e  C-as C o n s tan t  
and '.7 th e  m o le c u la r  w e ig h t f o r  hydrogen .
U sing  e q n s .  (7*30) und (7 .3 1 )  g iv e s :
Vlj(x) = % R T ( x )
i ( : c ) b d x  ( 7 . 52)
i f  th e  gas i s  assumed to  o b t a i n  i n s t a n t a n e o u s l y  th e  e l e c t r o l y t e  v e l o c i t y
a t  p o i n t  X ,  v ( x ) ,  t h e n  th e  f r a c t i o n  dx o f  i t  i s  i n  th e  volume
v(x)
e lem en t a t  any  g iv e n  t im e ,
i . e .  th e  volume o f  gas  i n  th e  e lem ent i s
v ix )  TTTTTrpr" I t ( x ) b  d x  (7*33)
dx :% R T (x )
"FvTp^T"
"0
Volume o f e l e c t r o l y t e  i n  tlie e lem ent = b h ( x ) d x  (7*33)
a  u s in g  ( 7 .2 7 ) ,  f ( x )  = ï ï i S T  (x) ' f , . ,  .
¥ W ¥ T ^ ^ i 7 ^ )  J ( 7 . 5 a
0
how f ( x )  hs.s o n ly  a second o r d e r  e f f e c t  on S ( x ) .  Then, p u t  
/.X
I i ( x ) d x  = ioX , ( 7 . 3 7 ) ,  a s  an a p p ro x im a t io n  and s in c e  p ( x )
•^ 0
T(x) a re  n o t  known a lon g  th e  gap , p u t
EpRT (x )  ^
= Gr ( 7 *38 ) ,  an  av erag e  e q u iv a l e n t  q u a n t i t y .
I n  th e  su b seq u e n t  c a l c u l a t i o n s ,  s ta n d a rd  te m p e ra tu re  ( 273°h) and 
p r e s s u r e  ( l  Atmos) v a lu e s  have been  u se d  i n  c a l c u l a t i n g  t h i s  e x p r e s s io n .  
(R e c e n t ly ,  H o p e n fe ld  and  Gole^^^ ) have shovai t h a t  t h i s  a s su m p tio n  i s  
v a l i d ) .
and
-  126
S in ce  12 i s  c o n s t a n t ,  p u t
% )  ^7 .35 )
7. ( 7 . 3 6 ) becomes
f  (x ) = G i g b x
“ q‘ ( 7 . 4 0 )
7 . 3*3 I 'ach in in -:  tim e r e o u i r e d  to  ach iev e  e o u i l i b r i u n
S im i la r  to  th e  m ethod f o r  e l e c t r o l y t e  h e a t in g  ( 7 . 2 . 2 ) ,  th e  system  
may be r e p r e s e n t e d  by a f i r s t  o rd e r  d i f f e r e n t i a l  e q u a t io n :
1  at + y = (7.41)
vdiere 71 i s  th e  tim e c o n s t a n t ,1
The s o l u t i o n  i s
y = yf (1 “ e“'*^ti) ■ (7.42)
■ (7 .« )
/ 1=0
7 . 3 .4  C a lc u l a t i o n  o f  y a (x )  -  f c u i l i b r i u m  c o n d i t i o n
As b e f o r e ,  f o r  e q u i l ib r iu m  c o n d i t io n s  tlie  c u r r e n t  d e n s i ty  i s  
co n s ta n t ,  a lo n g  th e  gap:
.*. io  = ICo(V -  Vo) , .
^ 0
= K(x) ( 7 -  ?o)  "
— h(y>— '
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and h ( x )  = 3 ( 7  -  Vo)K ( x )
'FPd
U sing  e o n s .  ( 7 . 27) ,  (7*4-0) and  (7*4-3) giv; 
■ = 3(V -  Vo)Rq { 1  -  C - io to d  %
3?pü V — ~ y
( 7 . 45)
(7 . 46)
K o tin s  t h a t  ho = B (Y _-_V gKq . ^nd a s .u n in g  t h a t  C-io^x «  i  ( ^ Is o
? p ü  — -----
p ro v e n  to  be v a l i d  by H open fe ld  and  Cole^ , g iv e s
h (x )  = ho U  -  I  — q9— )  ( 7 . 4 7 )
As b e f o r e ,  y p (x )  = 1iq -  h (x )
= I  '  (7 .4 3 )
(Uote t h a t  s in c e  io  == "'^o('7 " V o )  ^ yp(%) i s  in d ep en d en t  o f  h o ) .
bo
7*3*3 C a lc u la t io n  of / dy^ -  I n i t i a l  S t a t e
4 V t = o
As b e f o r e ,  suppose t l i a t ,  i n i t i a l l y ,  y  -  .0
(7 . 45)
Using (7 . 2 c ) , (7 . 27) and (7 . 40) ,  and assuming that i n i t i a l l y ,  h(x) = ho
g iv e s
i ( x )  = Ko(V -  Vo)
-  1 2 8  -
- A z ( h  _ EIvn(5’^ -  Vq) f j> C-Rq (v  -  Vp) (7 . 51)
" U t  J  -  f : - s “  V  hoC ;
t= 0  "
Thus, from  ( 7 .A3) ,  u s in g  (7*43) and (7 .3 1 )
?i -  b-o1
“ 7 o )  ( 7 . 52)
(Koto thcit i s  in d e p e n d e n t  o f  f ( x ) )
The e x p re s s io n  f o r  y (x )  (e g n .  7.4-2) becomes;
, w  .  1 1 ( 7. 53)
y (x )  can th u s  be found  i n  te rm s of t  and x , f o r  g iv e n  v a lu e s  o f  th e  
p r o c e s s  v a r i a b l e s .
-1 2 9 -
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E l e c t r o l y t e  
volume 
flow  r a t e
(±tP / b )
( _ . l / m i n )
E le c t ro ly te
v e l o c i t y
( in /s )
D is ta n c e
a long
e le  ctrod(
l e n g th  
\an 0 .1  0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .3  0 .3  i
.3 . 6 0 .9 1 .2 1 .5 1 .8 2 .1 2 .4 2 .7 3 .
.2 .4 • 6 .8 1 .0 1 .2 1 .4 1 .6 1 .8 2.
23 .3 .4 « 6 .7 .9 1 .0 1 .2 1 .3 1 .
2L2 .2 .3 ,4 *6 .7 .8 0.93 1 .1 1 .
.C8 2 7 .26 .35 .4 .3 .6 .7 .79 0.,
.06 *13 .20 .27 .3 .4 .4 .54 .61 0.
.05 . n .16 .22 .27 .3 .33 .4 4 .30 0.
0 4 .09 .14 .19 .23 .28 .3 *37 *42 02
.04 .08 .12 .16 .2 .24 .28 .32 ,36 V »
.03 *07 .1 .14 .18 .2 .25 .28 .32 0.
3 .0
( 2 )
14
(3)
18
(4 )
23
(5)
32
(7)
42
(9 )
51
(11)
60
(13)
69
(15)
79
(17)
250
350
460
530
800
1050
1280
1500
1730
1980
G-ap varia tion  
p a ra m e te r
(x )(in x  10)
yf (x)
'a b le  7*4î Hydrogen e f f e c t ;  gap v a r i a t i o n  p a ra m e te r  a s  a f u n c t i o n  of e l e c t  
d i s t a n c e  x ,  and  e l e c t r o l y t e  f lo w  r a t e  Q f o r  a gap o f  O.O4O i n .
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“ 0
( i n )
n e s t :
yf(%
n i n t  on 
= 1 i n ) ( i f A )
V
( i n / s )
t ( o )
(y (x )  -  O .C yf(x ))
.  040 <*4- X lO"^ 69 1750 393
,030 <.3 X ?-C"^ 83 2770 334
.020 X 10"^ > S3 - -
.010
1
<,1 X 1C“^ > 83 - -
11: "bld Y.p: FI o r  r a t e ,  v e l o c i t y ,  and t i r e  r e q u i r e d  to  a ch iev e  1)J
a c c u ra c y  f o r  y f ( x )  (F o r x = 1 i n ) ,  (G-ape ho = O.C^O to  C-ClO in^
-  1 3 2  ”
A ccuracy a<•*0
on
y f ( x = l
I n t  
i n  )
'0
( i n ^ / s )
V e lo c i ty
( i r - / c )
-LU
.010 ,G X 10“^ 37 520 830
0 .0 3 0 .6 X 10“-^ 46 1540 850
0 .0 2 0 0 .4  z lo"-^ 63 3230
L it ta rn a b lc  )
900
0 ,010 .2  :[ 10"“^ 83
(n o t a t t a i n a b l e )
-
5/: O.OkO 2 X lo"-^ 14 350 890
,030 1 .3  X 10” -^ 18 .0 620 390
.020 1 X 10”^ 23 .0 1 1 6 0 293
.010 .3  X 10”^ 33
(n o t
3 3 4 0
a t t a i n a b l e )
893
io;L .040 k  X 10“^ 9 2 3 0 8 50
.030 3 :: 10“^ 9 3 1 c 890
.020 2 X 10"^ 14 6 9 0 892
,010 I  X 10“^ 28
(nn :
2 7 7 0
a t t a i n a b l e )
822
2o;J .040 S X 10”^ 4 .6 120 893
.030 0 0: 10 ^ 4*^ 130 893
.020 4 X 10"-^ 9 .0 4  c 0 890
.010 1 2 X 10"^
_ _____L
14 1 3 8 0 690
e l  on yf (x )  , onf a b lo  ’Dependence o f  a c c u ra c y  o f  r e s t r a i n t  i rp o ;
e l e c t r o l y t e  v e l o c i t y  and t i ' . ie ,  f o r  f a n s  f r c n  . .CfO to  0 .010
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7*3*7 1 4 e o r e t i c a l  ca l c u l a t i o n s
The e f f e c t s  o f hydro^-on on an  e l e c t r c d e - e l o o t r o l y t e  system , 
s i m i l a r  to  t h a t  d e s c r ib e d  i n  (7 * 2 ) ,  have been  i n v e s t i g a t e d ,
? ig*7*7  shov/s th e  r e l a t i o n s h i p  betw een th e  r a t i o  o f  c o n d u c t i v i t i e s ,  
IC(x)/ic;Q, and  th e  r a t i o  o f  hydrogen  e v o lu t io n  r a t e  to  e l e c t r o l y t e  volume 
f lo w  r a t e ,  f ( x ) ,  f o r  x  = 1 i n  ( i . e .  f o r  th e  f lo w  e x i t  p o i n t ) .
f a b l e  7*4 sh o w s ,fo r  a  gap hg = 0 ,040  i n ,  th e  gap v a r i a t i o n  p a ra m e te r  
y (x )  a s  a f u n c t i o n  of e l e c t r o d e  d i s t a n c e  x and volume f lo w  r a t e  Q ^for x
7 7
and Q ra n g in g  from 0 .1  i n  to  1 in , and  from 3 i n / s  to  79 i n / s r e s p e c t i v e l y .
T ab le s  7*5 and 7*^ show f o r  gaps from O.O4O to  0 .0 1 0 i n ,  th e  
dependence o f  th e  r e s t r a i n t  imposed on y (x )  on e l e c t r o l y t e  f lo w  r a t e  
Q and  m ach in ing  tim e t ,  f o r  r e s t r a i n t s  o f  lib , and  2 , 3p 10 and 20/7 
r e s p e c t i v e l y .
I n  P i g , 7*8, f o r  x  = 1 i n ,  th e  r a t i o  y ( x ) /y p ( x )  i s  p l o t t e d  a s  a 
f u n c t i o n  of gap h^ and m achin ing  tim e t ,  f o r  ho v a lu e s  r a n g in g  from O.O4O 
to  0 .010  i n ,
N ote : I n  th e  t a b l e s ,  f o r  each  Q and ho v a lu e ,  th e  c o rre sp o n d in g  v a lu e  
f o r  e l e c t r o l y t e  v e l o c i t y  i s  a l s o  g iv en ,
7 . 3*8  D is c u s s io n
P i g , 7 .7 ,  shows t h a t ,  f o r  any g iv e n  f lo w  r a t e ,  iiie  c o n d u c t iv i t y  i s  
re d u c e d  more f o r  s m a l le r  g a p s ,  th a n  f o r  l a r g e r  ones: e . g .  f o r  a  f lo w  
r a t e  o f 4*6 i n ^ s ,  f o r  ho = 0 .010  = 0 .4 ,  b u t  f o r  ho = O.O4 O,
îi(^ )/îvo  = •
-  155 “
T h is  r e d u c t i o n  i n  c o n d u c t iv i t y  v d l l  reduce  th e  gap a lon g  th e  e le c t r o d e  
l e n g t h ,  ( c . f ,  th e  e f f e c t  o f  t e m p e r a t u r e  on c o n d u c t iv i ty  i s  to  in c r e a s e  
th e  g ap ) .
Comparison o f  e q u iv a le n t  y p (x )  v a lu e s  from  T ab le s  7*4 and 7 .2  shows 
t h a t  th e  hydrogen  h a s  a g r e a t e r  e f f e c t  th a n  te m p e r a tu re ;  e . g .  f o r  
Q = 9 * C i n ^ s  ( i . e .  v = 250 i i / s ) , and f o r  x = 0 .1  i n .
y p (x  = O . l )  f o r  hydrogen  =: 0*5 x  10 i n  
and  y p (x  = O . l )  f o r  te m p e ra tu re  = 0 .0 9  x 10 ^ i n  
and  f o r  Q = 18 i n ^ / s  (v  = liSO in /s)
y p (x  = 1 i n )  f o r  hydrogen = 1 .5  x  10 i n  
and y p (x  = 1 i n ) ,  f o r  te m p e ra tu re  = .47  % 10 ^ i n .
Thus th e  o v e r a l l  e f f e c t  i s  a d e c re a se  i n  gap a lo n g  th e  e l e c t r o d e  
l e n g t h .
A lso  from T able  7»4> f low  r a t e s  h ig h e r  th a n  th o s e  f o r  te m p e ra tu re  
e f f e c t  a r e  needed  i f  th e  gap i s  n o t  to  v a ry  by  more th a n  a c e r t a i n  
amount.
e . g .  f o r  a v a r i a t i o n  a lo n g  th e  l e n g th  of n o t  more th a n  1^3, a minimum 
f lo w  o f  69 i n ^ s  i s  r e q u i r e d  ( c . f .  te m p e ra tu re  e f f e c t :  9 i n ’^ s ) .
Prom T ab le  7*5, f o r  th e  gaps O.O5O to  0 .010  i n ,  th e  f lo w  r a t e s  
r e q u i r e d  f o r  th e  m ain tenan ce  o f  a 1% a c c u ra c y  i n  gap exceed  th o se  
p o s s ib l e  from a pump whose c a p a c i ty  i s  250 l b / i n .
L e s s e r  a c c u ra c ie s  can be o b ta in e d  f o r  more p r a c t i c a l  f lo w  r a t e s .  
Table  7*6 shows t h a t  f o r  a c c u r a c ie s  from 2)6 t o  20% im posed on y ^ ( x ) ,
“  1 3 6  -
f o r  X = l i n ,  th e  f lo w  r a t e s  f o r  each gap, d im in ish  c o n s id e r a b ly  on 
r e d u c t i o n  of th e  a c c u ra c y  r e q u i r e d ,  e . g .  f o r  a gap h^ = 02|.0 i n  
a  2)6 a c c u ra c y  r e q u i r e s  a  f lo w  r a t e  o f pTinp^s b u t  a 20;7 a c c u ra c y  
r e q u i r e s  a f lo w  r a t e  o f l e s s  th a n  4*6 i n ^ s .
A 0 .010  i n  gap s t i l l  r e q u i r e s  h ig h  f lo w  r a t e s ,  f o r  a 2% a c c u ra c y ,  
a f lo w  r a t e  ex ceed in g  83*0 in"^/s i s  r e q u i re d ^  f o r  a 20)6 a c c u ra c y ,  lA i n '^ s  
(1380 i n / s ) .
The m achin ing  t im e s  r e q u i r e d  f o r  y (x )  to  ap p roach  y p (x ) (y (x )  = O.Syf(; 
a r e  a l s o  g iv e n  i n  T able  7*3* (These have b e en  c a l c u l a t e d  from e q u a t io n  
( 7 . 33) ) .  They show t h a t  f o r  each  gap and f lo w  r a t e ,  th e  m ach in ing  
tim e  r e q u i r e d  i s  a lm o s t  c o n s ta n t  a t  abou t 8 9 0 s .
Conclu s io n s
1 .  The e f f e c t  o f  hydrogen  on th e  gap i s  much g r e a t e r  th a n  t h a t  
o f  t e m p e r a tu re .  Thus th e  o v e r a l l  e f f e c t  i s  a d e c re a se  i n  th e  gap i n  
th e  d i r e c t i o n  o f  f lo w  a lo n g  the  e l e c t r o d e  l e n g t h .
2 . To m a in ta in  a  r e q u i r e d  a c c u ra c y  o f  gap r e q u i r e s  h ig h  f lo w  r a t e s  
( e . g .  3 7 1 t? / s t o  m a in ta in  a  2 /  a c c u ra c y  on a ga,p o f  .0 4 0 i n ) . The 
s m a l le r  t h e  gap , th e  g r e a t e r  i s  th e  f lo w  r a t e  r e q u i r e d .
3 . Dor sm a ll  g ap s , e . g .  .0 1 0 i n ,  th e  norm al f lo w  r a t e s  f o r  d .C .h .  
c o n d i t io n s  may n o t  be s u f f i c i e n t  to  m a in ta in  a  h ig h  a c c u ra c y  ( e . g .
a f lo w  r a t e  o f  33 i n ^ s  would be r e q u i r e d  to  m a in ta in  a go a cc u ra c y  on 
a gap o f  0 .010  in ) .
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C hanter  8
G e n e ra l  C onc lus ions  and  S u g g e s t io n s  f o r  f u r t h e r  R e se a rch
I n  C hap te rs  2 to  7 p o s s ib l e  s o l u t io n s  have been  p r e s e n te d  to  some 
o f  the  prob lem s e n c o u n te re d  by u s e r s  of the  f . C h h  p r o c e s s .
I n  C hapter 2 i t  has  been  s h o m  th ' t  the  c u r r e n t  d e n s i ty  may be 
c a l c u l a t e d  from Ohm* s Law i f  tlie e l e c t r o l y t e  v e l o c i t y  i s  s u f f i c i e n t l y  
h ig h .
I n  C hap te r  3^ th e  a n o d ic  p ro d u c ts  of m achining  have b een  shown 
to  have n e g l i g i b l e  e f f e c t  on th e  p r o p e r t i e s  o f  th e  b u l l  e l e c t r o l y t e .
fa v o u ra b le  r e s u l t s  may be o b ta in e d  when th e  e l e c t r o l y t e  v e l o c i t y  
i s  h ig h ,  e . g .  th e  s u r fa c e  ro u g h n ess  of m ild  s t e e l  d e c re a se s  as  th e  f lo w  
r a t e  i s  i n c r e a s e d ,  (C h ap te r  4 ) .  I n c r e a s in g  th e  f lo w  r a t e  a l s o  '‘educes 
th e  e f f e c t s  o f  te m p e ra tu re  and  hydrogen on fo rm in g , (C hap te r  7)*
I n  idle work on fo rm ing  r e p o r t e d  i n  C hapter 6 , h ig h  f low  r a t e s  have 
been  u se d  f o r  t l i i s  p u rp o s e .  Dor such c o n d i t io n s  i t  h a s  been  i n d i c a t e d  
t h a t  th e  anode sh apes  have b e s t  d e f i n i t i o n  when th e  e le c t r o d e  gap i s  
sm a l l .
Problen.s concern ing  th e  e le c t r o c h e m is t r y  o f  th e  p ro c e s s  have a l s o  
been i n v e s t i g a t e d ,  h e th o d s  f o r  c a l c u l a t i n g  e le c t ro c h e m ic a l  e q u iv a le n t s  
f o r  a l l o y s  have been  p r e s e n t e d  i n  C hapter 4 .  The use  o f  th e  p o t e n t i o s t a t  
f o r  s e l e c t i n g  e l e c t r o l y t e s  f o r  d i f f e r e n t  m e ta ls  has  a l s o  been  e s t a b l i s h e d .  
Dor s u i t a b l e  e l e c t r o l y t e s  th e  c u r r e n t  e f f i c i e n c y  o f  th e  machined m e ta l  
i s  g e n e r a l l y  h ig h .
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Drcm th e s e  o b s e r v a t io n s ,  f u r t h e r  work can be su gges ted :
Ibcueriments m ust be done on th e  e f f e c t s  on fo rm ing  of tem o era tu re  
and hydrogen , measurement o f  th e  v a r i a t i o n  of th e  e l e c t r o l y t e  te m p era tu re  
a l o 2:g th e  l e n g th  o f  th e  gap would be n e c e s s a ry .  I n s e r t i o n  of therm ocoup les 
a t  th e  f low  e n t r y  and e x i t  p o i n t s  to  th e  m achining a re a  shou ld  be sim ple  
enough. However, th e  therm ocoup le  w ire s  would have to  be cl:oson so "hat 
th e y  would n o t  be a t t a c k e d  by th e  s o l u t i o n ,  and so t h a t  t h e i r  ju n c t io n  
would n o t  be f r a c t u r e d  by th e  f l o a i n g  e l e c t r o l y t e .  I s  th e  gap i s  so 
s:p.all, te m p e ra tu re  m easurem ent i n  the  m achining  a re a  may be more 
d i f f i c u l t .  S ince  th e  anode i s  d i s s o lv e d  d u r in g  m ach in ing , i n s e r t i o n  
o f  th e  th e rm ocoup les  i n t o  th e  e l e c t r o l y t e  from th e  cathode s’u i f a c e  would 
p ro b a b ly  be more p r a c t i c a l .
1 e r  t h e  hydrogen  e f f e c t ,  p r e s s u r e  measurement i s  a s i m i l a r  p rob lem .
I n  a d d i t i o n  a t h e o r e t i c a l  a n a l y s t s  has  y e t  to  be p u b l i s h e d  o f  th e  p r e s s u r e  
d i s t r i b u t i o n  a long  th e  gap le ipq th . Such an  i n v e s t i g a t i o n  would p o s s i b l y  
in v o lv e  t h e  e f f e c t s  o f  t'wo a n d /o r  th r e e  phase  f l u i d  f lo w . Some 
i n d u s t r i a l  u s e r s  have re d u c e d  the  e f f e c t  of hydrogen  on th e  c o n d u c t iv i ty  
b y  im posing a back  p r e s s u r e  a t  th e  f low  e ic it  p o i n t .  T h is  e f f e c t  cou ld  
be i n v e s t i g a t e d  b o th  t h e o r e t i c a l l y  and e x p e r im e n ta l ly .
ouch work i s  n e c e s s a r y  b e fo re  d e s ig n  s tu d ie s  a re  conncnced of 
cathode t o o l s  to  macliine c e r t a i n  sh ap es .  I n  t h i s  work an  i n v e s t i g a t i o n  
o f  th e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  i n  th e  gap would h e lp .  T h is  c .u ld  
be cone e i t h e r  by  s o l u t i o n  o f  L a p la c e 's  I g u a t i o n  o r  by e i r e c t  p l o t t i n g  
u s in g  e l e c t r o d e  models on c o n d u c tin g  p a p e r ,  ( s e e  C hapter 7)*
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On th e  e l e c t r o  Che:-.i c a l  s id e ,  f u r t h e r  i n v e s t i g a t i o n s  w ith  th e  p o te .e t io -  
s t a t  can he done. I n  C hap ter  5 , the  e i f e c t s  on the  p c i ;  r i ^  a t  io n  curves 
o f  a d d i t i v e s  to  th e  e l e c t r o l y t e s  have n o t  boon i n v e s t i g a t e d .  I r e f u l  
W'ork i n  t h i s  d i r e c t i o n  i s  p o s s i b l e ,  e .^p  f o r  c a s t  i r o n ,  i t  would h o le  
i f  an e l e c t r o l y t e  a g e n t  were found  which would p re v e n t  th e  fo rm a tio n  
of the  p a s s iv e  l a y e r  on th e  e l e c t r o d e  s u i f a c e .  A lso  th e  problems 
a s s o c i a t e d  w ith  fo rm ing  'would be l e s s e n e d  i f  an  ag.ent cou ld  be I 'cun l 
which would d i s s o lv e  the  hydrogen ev o lv ed  a t  th e  ca th o d e . T h is  would 
p o s s i b l y  e l im in a te  th e  e f f e c t  o f  th e  gas on the  e l e c t r o l y t e  c o n d u c t iv i ty .
Vdiile th e  c o u re n t  d e n s i t i e s  and f lo w  r a t e s  r e p o r t e d  i n  Cha ; t c r  5 
a ro  i.nich h ig h e r  th a n  o th e r  t y p i c a l  v a lu e s  from p o t e n t i c o t a t  s t u d i e s ,  ti.og/" 
a re  s t i l l  l o s s  t l ian  th o se  e n c o u n te re d  i n  n .C .lh  I n t e r e s t i n g  dovolcpiscnt 
work co u ld  be done to  see i f  p e r t i n e n t  r e s u l t s  from th e  p o t e n t i o s t a t  a ro  
p o s s ib l e  f o r  T.CA.h c o n d i t i o n s ,  duels infozw ration would be i n v a lu a b le .
I t  would g iv e  knowledge of th e  anode p o t e n t i a l  and e l e c t r o l y t e  v e lo c i ty  
r e q u i r e d  a t  a g iv en  c u r r e n t  d e n s i ty  to  ach iev e  a c e r t a i n  su r fa c e  f i i i s h .
Two o th e r  p roblem s ai^e obv ious:
1. te c h n lg u e  f o r  a c t u a l  gap m easurement d u r in g  m achinin^ has y e t  
to  be r e p o r t e d .  Such a m ethod would be . r e a t l y  h e lp f u l  to  i n v e s t i g a t i o n s  
o f  th e  p r o c e s s .
■To e s t im a te s  a p p e a r  to  have been  made of th e  energy  e f f i c i e n c y .  T h is  
in v o lv e s  knowledge o f  th e  c u r r e n t  and v o l ta g e  c fc 'a c ien cy , Tne  ^oncer as 
e a s i l y  c a lc u la b le  ( s e e  C hap te r  4 ) .  Dor th e  l a t t e r  th e  d e co;:;pcoition
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ach iev e  m achin in_  must ho hncvrn. .hey a p p l i e d  
p o t e n t i a l  above t h i s  v a lu e  sii;iply h e lp s  to  h e a t  tlee e l e c t r o l y t e ,  t a i l  e t  
c e r t a i n  v a lu e s  may be o b ta in e d  from th e  l i t e r a t u r e ,  t h e r e  i e  no ap p a ren t  
knoulodpo o f  th e  e f f e c t s  o f  f low  r a t e  and cu.'re.zt d e n s i ty  on the  
d o c o n p o s i t io n  p o t e n t i a l ,  fui i n v e s t i g a t i o n  of th e s e  e f f e c t s  would a l s o  
be v e ry  u s e fu l*
R e se a rch  b a se d  on th e  above s u g g e s t io n s  would g r e a t l y  c l a r i f y  
many of th e  p rob lem s i n  l .C . I f .
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Agger, d ix 1
The Barmax h a ch in e  I n s t a l l a t i o n
1*1 I n t r o  du c t i o n
A Grow, H am ilto n  and Co* L td .  "Bamax" e le c t r o c h e m ic a l  m a d i in e ,  
m n u f a c tu r e d  u n d e r  l i c e n c e  i r o n  R o l l s  Royce L t d . ,  was u se d  f o r  the  
e x p e r im e n ts  d e s c r ib e d  i n  C h ap te rs  2 , 4  and 6*
The machine was o r i g i n a l l y  d e s ig n e d  to  g iv e  c o n s ta n t  c u r r e n t  
c o n tro l*  The work d i s c u s s e d  i n  C hap ter  4  was p e rfo rm e d  u s in g  t h i s  system . 
L a t e r  th e  c o n t r o l  system  was changed to  a l lo w  c o n s t a n t  gap m aciiin ing .
At the  same tim e  th e  e l e c t r o l y t e  f lo w  system  was s i m p l i f i e d .  The 
r e - d e s ig n e d  equipm ent vais u s e d  f o r  th e  i n v e s t i g a t i o n s  d e s c r ib e d  i n  
C h ap te rs  2 and  6*
The fo rm er  system , th e  a s s o c i a t e d  f lo w  sy s tem , and e x p e r im e n ta l  
a p p a r a tu s  and p ro c e d u re  a rc  f i r s t  d e s c r ib e d .
1 .2  C o n stan t  c u r r e n t  a n n a r a tu s  ( s e e  Chao t e  i" 4)
The Barmax machine i s  shoivn i n  Dig* A . I .  The p e r s p e x  v;ork j i g  
u se d  v /ith  the  machine h a s  b e e n  p r e v i o u s ly  d e s c r ib e d .  vSee D ig .2 .1  and  
s e c t i o n  2 . 1 ) .
The anode e l e c t r o d e s  were h e l d  by  a  fi:cinq: sc rew  i n  th e  j i g ,  which 
was mounted on a  b r a s s  s u p p o r t .  T h is  was s e c u re d  b y  t e e  b o l t s  on th e  
s t a i n l e s s  s t e e l  m ad iine  t a b l e .
Two j i g s  have b e en  u sed :
(e.) C u r re n t  d e n s i t i e s  to  300 A / in  .
The e l e c t r o d e s  iTore c y l i n d r i c a l  w i th  a  d ia m e te r  o f  1 .3  dn.
P ig A .l  The Barmax Experim ental Machine
-  I l l
The ca thode  vras moved v e r t i c a l l y  a lo n g  the  az:is o f  t h e  anode. Dor
o
c u r r e n t  d e n s i t i e s  up to  100 h/inA,, t h i s  was done b y  a  se rvom oto r ,  p a r t
A 7 ^
of a sys tem , d e s c r ib e d  b y  b i l h i n s o n  and S t u a r t  , - d e s ig n e d  to  keep th e  
gap c o n s ta n t*  Dor a c o n s ta n t  te m p e ra tu re ,  th e  c u z re n t  d e n s i t y  i s  a l s o  
h e ld  c o n s ta n t*
Dor h i g h e r  c u r r e n t  d e n s i t i e s ,  tho  ca thode  was d r iv e n  m anually*
(b )  c u r r e n t  d e n s i t i e s  from pCO to  1200 l / i n
The e l e c t r o d e s  were sq u a re ,  w i th  s id e  0*45 in* The v e r t i c a l  
movement o f  th e  ca thode  w-as c o n t r o l l e d  manually*
I n  (a )  monel vfas cliosen f o r  th e  catliode m a t e r i a l ,  b e ca u se  o f  i t s  
r e s i s t a n c e  t o  c o r r o s io n  by  sodiuia c h lo r id e  s o lu t io n *  I n  (b ) b r a s s  was 
u se d ,  a s  i t  was more e a s i l y  m achined  th a n  monel* There  was no d i f f e r e n c e  
i n  tlie  e :qperin ien ta l r e s u l t s  o b ta in e d ,  b u t .  “che e l e c t r o l y t e  d id  have a 
c o r r o s iv e  e f f e c r  on the  b ra s s *
1*2*1 E l e c t r o l y t e  f lo w  System
A sc h em a tic  diagram  o f th e  f lo w  system i s  g iv e n  i n  D ig ,A ,2*
A S aunders  s i : :  s ta g e  c e n t r i f u g a l  pump d e l i v e r e d  e l e c t r o l y t e  from 
a  100 g a l l o n  (27000 in ^ )  s to ra g e  tanlc to  the  j i g  a t  p r e s s u r e s  up to  2p0 
I b f / i n ^  and  a t  f lo w  r a t e s  up to  92 i n ^ / s .  The e l e c t r o l y t e  d is c h a rg e d  
from the  j i g  to  a  sump tanlc b e n e a th  th e  machine and  was r e t u r n e d  to  th e  
s to r a g e  tanlc by  a  sump tanlc, a c t i v a t e d  b;' a l e v e l  s w i t i i  i n  th e  sump 
tank*
i j f t e r  a b o u t  20 h o u rs  m ad iin in g  th e  e l e c t r o l y t e  was pumped to  th e
I Z j i ] . -
se-r-ri_iKiG
BAR-N^AX
(v^ACHirsie
C.ER_AfvHC
PILXER.
— I—*
FUOW
SXOR.AQE.
TANK.
0>AU:ZE. FI
T V Z T ' T T T T
N /1 A IN  P U M PSUMP PUMP
EUECTR.O UVTE SUPPUV UINiE 
V A U V e
F i a .  A . 2 . .  S C H E M A T T I C  P l A G R - A M  O P  O R .IG > fN A U
F U O W  S ’V B ' T E M  F O R .  e > A R M A X  M A O H I N E .
-  1 4 5
s e t t l i n g ’ ta r ie  ana  l e t t  f o r  ab ou t 24 h o u rs  to  a llov ; t h e  n e t a l  hydrozeiaes 
to  s e t t l e  « C le a r  e l e c t r o l y t e  vjas t l ien  dravrn o f f  and r e t u r n e d  to  the  
s to r a g e  tanl{«, The s e t t l i n g  tan t:  u a s  a l s o  u se d  f o r  th e  p r e p a r a t i o n  of 
f r e s h  e l e c t r o l y t e .
Three f i l t e r s  ivere u sed :
( a )  a b r a s s  gauze f i l t e r ,  i n  th e  punip s u c t io n  l i n e ,  v iiioh  r e t a i n e d  
p a r t i c l e s  g r e a t e r  th a n  0 ,0 4 0  i n ,
(b )  a ce r a n i  c f i l t e r ,  i n  th e  d e l i v e r y  l i n e ,  vinicli r e t a i n e d  p a r t i c l e s  
g r e a t e r  th a n  0 ,0 0 1  i n ,
( c )  a c y l i n d r i c a l ,  p e r f o r a t e d ,  s t a i n l e s s  s t e e l  f i l t e r ,  i n  th e  e n t r y  
l i n e  to  tiie  j i g ,  n h i d :  r e t a i n e d  p a r t i c l e s  g r e a t e r  th a n  0 ,02 0  i n ,
f l o n  r a t e  vras laeasured  by  a  P l a to n  '’G-apneter” f l o n n e t e r  o f  th e  
r o ta m e te r  ty p e ,  g r a d u a te d  up t o  20 g a l lo n s /m in ,  (92 i n ^ / s )  and  f i t t e d  
i n  th e  pump d e l i v e r y  l i n e .  The f l o n  r a t e  vras v a r i e d  by  a  hand v a lv e  i n  
th e  b y -p a s s  l i n e ,
e l e c t r o l y t e  te m p e ra tu re  Vfas m easured  a t  th e  e r i t  from the  j i g  
n i t h  a  m ercu ry  therm o m eter ,  g ra d u a te d  i n  0 ,1^0  d i v i s i o n s .
lia c h in in g  t im e s  v:ere ta k e n  vrith  a  s to p  n a tc h .
1 .2 . 5  T i e c t r i c a l  system
A Dynamo and  h i e c t r i c a l  S e rv ic e s  L td .  s i l i c o n  r e c t i f i e r  capab le  
o f  lOOOA a t  9 to  IpV vras u se d  to  su p p ly  pov;er to  th e  Barman m achine.
A u to m a t ic a l ly  c o n t r o l l e d  c o n s ta n t  a u r r e n t s  c o u ld  be o b ta in e d  by 
co n n ec tin g  th e  a p p r o p r i a t e  r e s i s t o r s  and by  a d j u s t i n g  th e  c o n t r o l  
a m u l i f i e r  s e t t i n g s .  At c u r r e n t  d e n s i t i e s  above lO O jl / in  t h i s  became a
“ l i d  “
p ro lo n g e d  o p e r a t io n  r e c u r r in g  a b o u t  2y h o u rs  t o  naho th e  n e c e s s a ry  
changes , f o r  t h i s  r e a s o n  th e  e a u ip n e n t  v;as m o d if ie d  to  a l l o t  c o n s ta n t  
c u r r e n t  m ach in ing  b y  manual a d ju s tm e n t  o f  th e  c a th o d e .
Anode m easurem ents
The anode w e ig h t t a s  m easured  to  O.OOlg v.Ath a  Gallenhamp 
e l e c t r i c  b a la n c e .
S u rfa c e  roug hness  ( t o  200 m ic ro in c h e s )  was m easured  v d th  a 
llarlc T a y lo r  Hobson ToAysurf *105' i n s t r u m e n t .
1 ,2 ,4  Pro  ce du r e
A w eighed specim en was f i t t e d  i n  th e  j i g .  The pump was sw ûtched 
on and th e  v a lv e s  a d ju s t e d  to  g ive  tlie r e q u i r e d  f lo w  ra te *  The 
e l e c t r o l y t e  te m p e ra tu re  was n o te d .
f u r t h e r  p ro c e d u re  i s  r e l a t e d  to :
( i )  C u r re n t  d e n s i t i e s  to  lO O A /in^  : a u to m a t ic  c u r r e n t  c o n t r o l
B e fo re  t h e  e:qperim ents a t  each c u r r e n t  d e n s i t y ,  m achin ing  t e s t s  
were c a r r i e d  o u t  to  a l lo w  th e  s e t t i n g  of th e  r e s i s t o r s  and  a m p l i f i e r s  
to  th e  a p p r o p r i a t e  v a lu e s  f o r  t h a t  c u r r e n t  d e n s i t y ,
f o r  t h e  e x p e r im e n ts ,  th e  m achin ing  cy c le  was s t a r t e d  by push  
b u t t o n .  The ca thode  advanced  a u to m a t i c a l l y  to  th e  p o s i t i o n  f o r  
th e  r e q u i r e d  c u r r e n t  d e n s i ty .  The c u r r e n t  d e n s i t y  b u i l t  up to  t h i s  
v a lu e  i n  a b o u t  10s* A f t e r  10 m in u tes  m achin ing  th e  ca thode was 
r e t r a c t e d  and  tlie  e l e c t r i c  power and f low  sw itc h e d  o f f ,
( i i )  C u rren t  d e n s i t i e s  above lO O A /iif ;  manual c u r r e n t  c o n t r o l  
The e l e c t r i c  power was s w i t  d ied  on and  th e  ca thode  p o s i t i o n
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a d j u s t e d  to  g iv e  th e  r e q u i r e d  c u r r e n t  d e n s i ty .  The f lo w  r a t e  was 
cheched a s  above* D uring  m achining  th e  ca thode  was advanced  m anually  
t o  keep th e  c u r r e n t  d e n s i ty  c o n s t a n t .  A f t e r  p m in u te s  m achin ing , th e  
e l e c t r i c  power and f lo w  vrere sv.dtchcd o f f ,
For cacli p ro c e d u re ,  a t  th e  end o f  m achin ing  the  specim en was 
removed f o r  o b s e rv a t io n  and re w e ig h in g .
The t e s t s  were r e p e a t e d  f o r  d i f f e r e n t  f low  r a t e s  and c u r r e n t  
d e n s i t i e s ,
1 ,5  C o n s ta n t  pan a n ) a r a tu s
The c u r r e n t  f e e  do a cl: c o n t r o l  system was u n s u i t a b l e  f o r  e x p e r im e n ta l  
work b ecau se  o f  th e  tim e r e q u i r e d  to  change from one c u r r e n t  s o t t i n g  
to  a n o th e r .  An o f f e r  b y  H e l l s  Hoyce L td ,  to  change th e  c o n t r o l  system  
was a c c e p te d .
The new system  a l lo w s  a d ju s tm e n ts  to  be made i n  l o s s  th an  1C m inu tes .  
I t  i s  b a s e d  on th e  con cep t o f  th e  e q u i l ib r iu m  gap , d i s c u s s e d  i n  C hap te r  o; 
f o r  a  c o n s ta n t  a p p l i e d  v o l t a g e , and  f o r  any one e l o c t r o l y t e / m e t a l  
co m b in a t io n ,  th e  ca thode  f e e d  r a t e  i s  i n v e r s e l y  p r o p o r t i o n a l  to  th e  
e q u i l ib r iu m  gap w id th .  By e m p i r ic a l  m achin ing  t e s t s  a p o te n t io m e te r ,  
th e  s e t t i n g s  o f  which c o n t r o l  th e  f e e d  ra te^v /as  i n i t i a l l y  c a l i b r a t e d  
f o r  a  ran g e  o f  g a p s .  /Changes i n  c o n d u c t iv i ty  were m o n ito re d  w ith  a 
c o n d u c t iv i t y  c e l l ,  th e  A.G. v o l ta g e  from which i s  r e c t i f i e d  and f e d  
i n t o  a  ssL.ming j u n c t i o n .  The o th e r  s i g n a l  f o r  th e  j u n c t io n  comes from 
th e  v o l ta g e  p r o p o r t i o n a l  to  th e  speed  o f  th e  m otor d r iv in g  th e  cathode*
The r e s o i ta n t  e r r o r  s i g n a l  a d j u s t s  th e  cathode d r iv e  r a t e  t o  m a in ta in  
th e  c o n s ta n t  can .
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Thus a f t e r  tlie i n i t i a l  c a l i b r a t i o n ,  any gap cvul 1 be o b ta in e d  
by  s im p ly  r e a d j u s t i n g  th e  p o te n t io m e te r  s e t t i n g .  By a d ju s t i n g  th e  ca thode  
d r iv e  p o s i t i o n ,  th e  e q u i l ib r iu m  gap cou ld  be a c h ie v e d  a f t e r  o n ly  ab ou t 
5 s na  c h in i n g .
1 , 5*2 n i e c t r o l y t e  flo'w system
D uring th e s e  a l t e r a t i o n s ,  th e  f lo w  s y s t e n  was m o d if ie d .  The 
m ain e l e c t r o l y t e  tan l: was moved u n der  th e  machine and th e  main pump 
s i t e d  a lo n g s id e o  T h is  d isp e n se d  w ith  th e  need  f o r  a  snmp ta r i :  a n a  a 
scavenge pump. T h is  pump was now' u se d  f o r  d r a in in g  th e  t a r i ; .  To 
o b ta in  th e  low f lo w s (up t o  25 i n  / s )  d e s c r ib e d  i n  C hapter 2, t l .e  p ip e  
system  was a l t e r e d  f u r t h e r  and th e  a u x i l i a r y  pumqo u se d  to  g ive  th e s e  
f lo w s .  As b e f o r e ,  th e  f low  r a t e s  cou ld  be v a r i e d  by  hand v a lv e .
The f u l l y  m o d if ie d  f lo w  system  h a s  been  shown i n  f i g . 2 .2 .
1*5*4 h i e c t r o de systom
A s i m i l a r  system  to  t h a t  d e s c r ib e d  i n  s e c t i o n  1 .2  o f  the  A p p e n 'ix  
was u se d .  The e l e c t r o d e s  were s q u a re ,  of s id e  1 i n . ,  th e  cathode o f  
b r a s s  and  th ^  anoL.es o f  m ild  s t e e l ,  were u se d .
The m o d if ie d  Barman equipm ent was u se d  f o r  th e  w of: d e s c r ib e d  
i n  C h an te rs  2 and  6* The a p p r o p r i a t e  p ro c e d u re s  a re  g iv en  i n  each 
c h a n te r .
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S o lu t io n  0,f  Z c n a t io n  ( 5 .1 1 ) . See C han te r  6
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L e t  S'(h) = R.K.S* o f  ( 6*11)
L e t  ? ( h )  = 0
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